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Abstract 
Construction of the A34 bypass (Newbury, Berkshire, UK) provided a unique 
opportunity to study the heavy metal (V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Sb and 
Pb) input of the existing A34 roadway and a new road system upon both the terrestrial 
and aquatic environments. Method development and validation was undertaken using 
inductively coupled plasma mass spectrometry (ICP-MS). A succession of 
roundabouts along the existing A34 roadway through Newbury results in 
accelerating/decelerating and stop-start traffic flow conditions. Such unique traffic 
flow patterns produced higher heavy metal levels (Student t-test, 99 % confidence 
interval) in roadside dust, surface soil and vegetation. The dusts along the existing A34 
roadway (average daily traffic density of 38,000 vehicles) had cadmium levels of 8.5 
mg/kg which are unexpectedly high and comparable with those reported along the 
London Orbital M25 motorway (9.6 mg/kg, ADT 125,000). Assessment of roadside 
dust, surface soil and vegetation at 28 sites along the new bypass showed an increase 
in all heavy metal levels (Student t-test, 95 % confidence interval) during the 7 month 
post-opening period. Heavy metal accumulation within these matrices was found to 
increase in a linear fashion during the study period. The four new biofiltration ponds 
along the bypass revealed that ponds K and H have well established reed bed systems 
and consequently good stormwater heavy metal removal efficiencies (95-99 %). Poorly 
established reed beds within ponds J and D showed lower removal efficiencies. A linear 
increase in Pb, Cd, Cu and Zn levels was reported in sediments at the inlet to the pond 
silt traps. Chemical speciation analysis of surface soils along the existing A34 roadway 
and the bypass using sequential extraction schemes was undertaken. The data showed 
the importance of Mn-Fe oxides in the retention of heavy metals in surface soils along 
the existing A34 roadway. The exchangeable fraction showed the mobility of heavy 
metals in surface soils decreased along the series; Cd > Zn > Cu = Mn > Pb > Fe. 
Heavy metal speciation of surface soils collected along the bypass (7 month post- 
opening) confirmed that Mn, Fe, Cu, Zn, Cd and Pb were mainly bound to the 
carbonate fraction (FR2). Although the presence of the new bypass has increased 
heavy metal levels within the immediate environment the levels are significantly lower 
than guidelines set by regulatory bodies such as ICRCL. 
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1.0 Introduction 
The biosphere consists of three main ecosystems, the atmosphere, hydrosphere 
and lithosphere, where heavy metals move through various processes. The movement 
of natural trace elements within the aquatic environment depends upon numerous 
factors that include: acid-base reactions; gas-solution processes; precipitation and 
dissolution of solid phases (weathering); co-ordination reactions of metal ions and 
ligands; and oxidation-reduction reactions. In a similar way the movement of trace 
elements within surface soil is partly dependant on their ability to enter soil solution 
and their relative affinities for major soil components that include: soil organic 
material; iron and manganese oxides; and clay minerals. 
Anthropogenic input into the environment by processes such as mining 
activities, agricultural practices or highway contamination can produce an enrichment 
of heavy metals in number of different chemical forms. Moreover, the introduction of 
anthropogenic ligands (both organic and inorganic) can further alter the balance of 
trace elements in the natural environment. The movement of anthropogenic heavy 
metals in surface soil can often follow similar pathways to those of natural trace 
elements. 
This study will aim to evaluate changes in heavy metal chemistry from the 
introduction of a new road system upon terrestrial and aquatic environments. A 
comparison of an existing road system at Newbury, Berkshire (the existing A34) with 
the newly opened A34 Newbury bypass will be comprehensively studied. The study 
will assess any changes in heavy metal levels within the terrestrial roadside 
compartment on both road systems after opening of the A34 Newbury bypass. 
Furthermore, will study stormwater balancing pond facilities on the A34 Newbury 
bypass and the London Orbital M25 motorway in order to assess potential 
anthropogenic heavy metal input into receiving watercourses. In order to accomplish 
the study, comprehensive sample collection, digestion and analysis procedures in 
addition to validation protocols require thorough investigation. 
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1.1 Natural Chemistry of the Environment 
1.1.1 Aquatic systems 
Natural water contains many chemical species in the dissolved state. The major 
constituents include anions, cations, trace elements and naturally occurring organic 
compounds. The occurrence of these constituents are derived from physical and 
chemical weathering processes of the surrounding geological area. Further input can 
originate from chemical reactions within the atmosphere. The most abundant cations, 
namely, Na+, K+, Ca2+ and Mg2 , are 
found in higher concentrations where rainfall is 
low and geological conditions are correct. In particular, Ca2+ and Mg2+ are extensively 
leached from minerals such as amphiboles, feldspars, calcite, magnesite, dolomite and 
clays. In contrast Na and K+ are leached from feldspars, clay minerals and salt deposits 
[Pagenkopf, 1978]. The most common anions present in natural waters include C032", 
HCO3 , SO42-, Cl", F and N03'- Carbonates and 
bicarbonates are present in limestone 
areas, whereas sulphates are present in areas containing the mineral gypsum. 
Trace elements in natural waters occur from chemical oxidation of their 
sulphides and oxides and from the acidic dissolution of carbonates present in the 
surrounding geological area [Faust and Aly, 19811. The concentrations of trace 
elements in natural waters are primarily regulated by the solubility of their hydroxide 
and carbonate salts. Table 1.1.1 summarises the average trace element concentration of 
selected elements in natural waters with accompanying chemical forms. 
Organic compounds have also been identified as constituents of natural waters. 
Approximately 90 % of freshwater organics are estimated to be large macromolecules 
with the remainder consisting of small well defined organics, such as, free amino acids, 
sugars and small hydroxyacids. Classification of natural organic matter (NOM) in 
natural waters is by origin [Buffle, 1988]; 
(i) Pedogenic NOM - from rainwater leaching of soil (and through the 
decomposition of plant and fungal material), 
(ii) Aquagenic NOM - excretion and decomposition of plankton and aquatic 
bacteria, 
(iii) Sedimentary NOM - from accumulation and transformation in sediments. 
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Table 1.1.1 Elemental and speciation content of natural water 
Element Typical concentration (µg/1) Species in natural water b 
Vanadium 1. O° Unknown 
Chromium 3.26 Cr042', Cr2072' 
Manganese 7.0° Mn04 
Iron 40.0° Fei+, Fe(OH)2+, Fe(OH)2+ 
Cobalt 0.2° C02+ICO3+ 
Nickel 0.3° Ni2+ 
Copper 5.0° Cue+, CuOH+ 
Zinc 20. Oa Zn(H2O)3C1+, ZnCO3 
Molybdenum 1.0° Unknown 
Cadmium 0.02° Cd2+, Cd(OH)3- 
Antimony 0.3° Unknown 
Lead 3.0° Pb2+, PbCO3, Pb(OH)2 
'- [Ward, 19891 - [Pagenhopf, 1978] 
Finally, heterogeneous complexes are the name given to the ill-characterised 
inorganic and organic multi-ligand site containing structures found in natural waters. 
Heterogeneous complexes such as, humic acid, fulvic acid, and polysaccharides contain 
a number of complexation sites that can retain trace elements. These sites usually 
incorporate carboxylate and phenolate groups [Buffle et aA, 1990]. 
Colloids can account for much of the total metal binding sites [Florence and 
Batley, 19801. Filtration through a 0.45 pm membrane is the recognised procedure to 
separate dissolved and particulate species. However, this approach disregards that 
there is a continuous scale between dissolved and particulate forms. A schematic 
representation of the size distribution of colloidal species present in natural water is 
shown in Figure 1.1.1. 
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Fig 1.1.1 Size distribution of colloidal species present in natural water 
[Buf le, 1988] 
The chemical composition of a particular natural water is the result of a variety 
of chemical reactions. The processes that occur include acid-base reactions, gas- 
solution processes, precipitation and dissolution of solid phases (weathering), co- 
ordination reactions of metal ions and ligands, oxidation-reduction reactions and 
adsorption-desorption processes at interfaces (see Table 1.1.1 for the most common 
chemical forms of trace elements in natural waters). 
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1.1.2 Terrestrial systems 
Soil is not simply a mixture of material resulting from the weathering of 
underlying parent rock, but is a natural body, possessing mineral and organic 
components in addition to physical, chemical and biological properties. Soil 
composition is predominantly governed by parent material and to a lesser extent by 
climatic conditions, topography, time and anthropogenic activity. Soil is composed of 
three phases, namely solid (mineral and organic 46 %), liquid (28 %) and gaseous (27 
%) [Kabata-Pendias and Pendias, 19861. Although trace elements are a minor 
constituent of soil they play a major role in soil fertility. The average concentration of 
trace elements in soil is dependant upon factors that include soil classification and 
anthropogenic input. Table 1.1.2 provides the trace element content of a typical natural 
soil. 
Table 1.1.2 The trace element content of a typical natural soil (mg/kg) 
Element Concentration Element Concentration 
Vanadium 85 Copper 15 
Chromium 60 Zinc 60 
Manganese 450 Molybdenum 1.5 
Iron (%) 5.0 Cadmium 0.25 
Cobalt 8.0 Antimony 0.75 
Nickel 20 Lead 20 
[Ward 1989] 
Trace element mobility is a function of their affinity to each soil constituent, 
namely, soil organics, oxides and hydroxides of iron and manganese, and solubility. 
The mobilisation of trace elements in the soil is largely dependant upon their stability in 
the soil solution and the properties of their ionic species. Figure 1.1.2 illustrates the 
equilibrium between the soil solution and soil components. 
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[Kabata-Pendias and Pendias, 1986] 
The chemistry of a soil solution is critical in evaluating the mobility of trace 
elements through soil. The diversity of trace element ionic species and their affinities to 
the numerous ligands available within the soil profile allows the dissolution of all trace 
elements into a soil solution. In general, the mobility of ions is greatest in acidic soils 
(low pH) and lowest in neutral or alkaline soils (high pH) [Kabata-Pendias and 
Pendias, 1986]. The complexing tendencies of trace elements in a soil solution will 
depend on their ability to complex to ligands, for example, Cr3+ and Co3+ will readily 
complex with P043", C032" and N03 and organic amines, whereas Nie+, Coe+, Cue+, 
Zn2+, Cd2+ and Pb2+ readily complex with Cl', Br, N02 and NH3. 
A study of hydrated cations (as water is the most abundant ligand in soil 
solution) will provide an indication of mobility in soil. Published data shows that 
mobility decreases according to the following order, Mg2+ = Ca2+ > Mn2+ > Cd2+ > Ni2+ 
= Co 2+ = Pb2+ > Zn2+ = Cu2' > Cr3+ > Fe 3+ > Sb3+. 
Soils are considered as sinks for trace elements and play an important role in 
the environmental cycling of these elements. Soils have the ability to adsorb many trace 
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elements by a number of processes that include; Van der Waal's forces, ion-dipole 
forces, hydrogen bonding, charge transfer, ion and ligand exchange, chemisorption and 
magnetic bonding. Soil components that include clay minerals, hydrated metal oxides 
(particularly iron and manganese) and organic species are considered the most 
important constituents that compete for the adsorption of trace elements. 
Clay minerals are inorganic exchange materials and include illite, 
montmorillonite, kaolin and vermiculite. A number of oxide minerals occur in soil, 
including silicon, titanium and aluminium oxides. However, by far the most important 
in terms of adsorption of trace elements are iron and manganese oxides which are 
present in soil as crystalline, micro-crystalline and amorphous structures [Hem, 19781. 
Norrish (1975) identified goethite as the most common iron oxide and also identified 
vernadite as the most common simple hydrous manganese oxide. A number of authors 
have found the metal ion affinities of goethite to decrease along the series Cu > Pb > 
Zn > Co > Cd [Forbes et aA, 19761. The preferential adsorption of metal ions, such as 
Coe+, Co3+, Nie+, Cd2+, Pb°+ and Zn2+ was found to correlate with the size of the metal 
cation oxides, namely Mn2+, Mn3+, Fe2+ and Fei+. 
Organic matter present in soil, primarily as humic acid, fulvic acid and humin, 
interacts with metal ions by ion exchange, surface sorption, chelation and coagulation 
processes. Numerous studies have investigated humic-metal, fulvic-metal and metallo- 
organic complexes and derived a common affinity of metals for organic complexes. 
This is known as the Irving-Williams stability series that decreases according to the 
following sequence; Cu > Pb > Ni > Co > Fe > Cd > Zn > Mn [Irving and Williams, 
1948]. 
The major study site at Newbury, Berkshire has calcareous soil (calcium rich) 
due to the underlying chalk and limestone parent material. The presence of calcite 
(CaCO3) in the soil has a major influence on the soil pH and subsequently trace 
element behaviour. The presence of excess calcium in the soil solution allows trace 
elements to co-precipitate as carbonates, especially onto Fe-Mn oxides or other soil 
components. The greatest affinity for reaction with carbonates has been displayed by 
Co, Cd, Cu, Fe, Mn, Ni, Pb and Zn [Vochten and Geyes, 1974]. 
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1.2 Quality Regulations 
Quality regulations have been produced by a number of authorities including; 
the European Community (EC); the United States Environmental Protection Agency 
(USEPA); the World Health Organisation (WHO); Australia-Commonwealth Scientific 
Industrial Research Organisation (CSIRO) and the Dutch Agency. These regulations 
are often compiled in conjunction with environmental legalisation. A review of the 
quality regulations reveals two distinct areas, namely surface soil and water (drinking, 
irrigation and livestock). Regulations relating to surface soil are primarily associated 
with the maximum admissible concentration (MAC) of heavy metals, with little 
information supplied on organic components. Regulations concerning water quality are 
more comprehensive with values for physical parameters (total solids, dissolved 
oxygen, biological oxygen demand and chemical oxygen demand), inorganic (Pb, Cd, 
Cu and Zn) and organic contaminants (polynuclear aromatic hydrocarbons (PAH's) 
and phenols). 
1.2.1 Regulations for the Aquatic Environment 
Regulations for the aquatic environment are more comprehensive than those 
associated for soil quality. A review of the regulations has revealed guidelines set as a 
function of water usage, primarily for drinking water, irrigation and aquatic life. In 
terms of MAC's, drinking water regulations are more stringent than either of those for 
irrigation or aquatic life. Table 1.2.1 (a) summarises drinking water regulations for the 
EC, USEPA, WHO, Canadian and Australian regulatory bodies. A review of the table 
shows the EC with the most (and the WHO with the least) comprehensive values in 
terms of MAC's. Little consistency exists between agreed values of MAC's for each 
element under study. The EC values are lower than the other bodies with respect to 
lead, iron and nickel values, but higher with respect to copper. Large inconsistencies 
exist in the EC value for zinc at 100 µg/1 in comparison to the other regulatory bodies 
at 5000 µg/1. The WHO also has a large MAC for cadmium of 50 µg/1 in comparison 
to the 5 µg/1 quoted by the other regulatory bodies. 
For this study the river systems under investigation are not used as drinking 
water sources and therefore regulations pertaining to the water quality of aquatic life 
and irrigation are more appropriate. Water quality MAC's for aquatic life and irrigation 
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as expected are less stringent than those for drinking water. Table 1.2.1 (b) summarises 
the water quality MAC's for aquatic life and irrigation. 
Table 1.2.1 (a) Drinking water quality regulations for human consumption (µg/1) 
Parameter EC USEPA WHO Canadian Australian 
TS (mg/1) 1500 NV NV NV NV 
V NV NV NV NV NV 
Cr 50 100 50 50 50 
Mn 50 50* NV 50 50 
Fe 200 300* 300 300 300 
Co NV NV NV NV NV 
Ni 20 NV NV NV 100 
Cu 2000 1000* NV 1000 1000 
Zn 100 5000* 5000 5000 5000 
Mo NV NV NV NV NV 
Cd 5 5 50 5 5 
Sb NV NV NV 10 NV 
Pb 10 50 50 50 50 
*- Guidelines only 
NV - No Value 
As Table 1.2.1 (b) shows, fewer MAC's are available for the elements of 
interest. In terms of aquatic life, the USEPA and Canadian guidelines are the most 
comprehensive, with the EC and Australian MAC's covering only a few elements of 
interest. The Canadian guidelines further discuss and provide values for both acute and 
chronic toxicity. For the purpose of this study values for acute and chronic toxicity are 
essential for further data interpretation. 
The acute and chronic toxicity values listed in Table 1.2.1 (b) represent an 
average and are dependent on species and water hardness. For example, the chronic 
toxicity of copper is between 0.017 mg/1 for D. Magna and 10.24 mg/1 for rainbow 
trout fry at a total hardness of 50 mg/1 [Canadian Research Council, 19871. Water 
hardness has been well documented as an important factor in the MAC's for aquatic 
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life [Canadian Research Council, 19871. Copper and zinc are superb examples of the 
dependence between water hardness and toxicity, whereby their toxicity reduces as a 
function of increasing water hardness [Bartram and Balance, 1996]. The major study 
sites in this work are chalk-lined rivers representing typical hard water conditions, and 
the MAC's quoted by the Canadian and USEPA levels will be used for subsequent data 
interpretation. 
The irrigation MAC's quoted in Table 1.2.1 (b) show greater consistency 
between the regulatory bodies than those for either drinking or aquatic life. 
Unfortunately, there is a limited number of analytes sourcing regulatory bodies. The 
water usage at the major study sites does not involve irrigation and therefore this 
aspect is not discussed in any further detail. 
1.2.2 Regulations for the Terrestrial Environment 
Surface soil regulations are limited guidelines set by the Inter-departmental 
Committee on the Redevelopment of Contaminated Land (ICRCL), the Dutch Agency 
and the New Jersey EPA and are summarised in Table 1.2.2. As the table shows, no 
guidelines for V, Mn, Fe, Co, Mo or Sb are available from any of the regulatory 
authorities. 
The guidelines for those elements available, including Cr, Ni, Cu, Zn Cd and 
Pb, show little consistency in terms of maximum admissible concentrations (MAC's). 
For example, guidelines for total zinc in soil range from 300 mg/kg (ICRCL) to 720 
mg/kg (Dutch Agency). ICRCL is the only agency that has MAC's relating to sample 
type, namely; (i) domestic gardens, allotments; (ii) parks, playing fields, open spaces 
and (iii) any uses where plants are grown. The ICRCL guidelines provide the most 
comprehensive MAC levels and are used exclusively within this study. 
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Table 1.2.2 Soil contamination guidelines (mg/kg) 
Parameter ICRCL DUTCH NEW JERSEY EPA 
V NV NV NV 
Cr 600*/1000** 380 100 
Mn NV NV NV 
Fe NV NV NV 
Co NV NV NV 
Ni 70*** 210 100 
Cu 130*** 190 170 
Zn 300*** 720 350 
Mo NV NV NV 
Cd 3*/15** 12 3 
Sb NV NV NV 
Pb 500*/2000** 530 250-1000 
Planned uses: * Domestic garden, allotment 
** Park, playing fields, open space 
*** Any uses where plants are to be grown 
NV No Value 
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1.3 Anthropogenic Sources and the Environment 
The biosphere and its man's interaction with it has recently become so 
important it has been necessary to distinguish an anthroposphere - the sphere of man's 
settlement and activity. The impact of man on the biosphere is broad and very complex 
and has often lead to irreversible changes in recent years. Geological and biological 
alterations of the earth's surface have been relatively slow in contrast to rapid man- 
made changes. Inevitably this change has lead to a degradation of the natural 
environment, particularly within the last century. Among the chemical contaminants, 
heavy metals are believed to be of specific ecological, biological, or health significance 
[Kabata-Pendias and Pendias, 19861. 
1.3.1 Anthropogenic sources of terrestrial contamination 
Surface soil and vegetation are both affected by anthropogenic sources of 
contamination. Soils act as a sink for heavy metal contaminants and plants play a 
significant role in cycling and bioaccumulating. The most important sources of heavy 
metal contamination arise from mining activity, energy consumption, transportational 
activity and agricultural techniques. Table 1.3.1 summarises the most important 
sources of terrestrial contamination from anthropogenic sources. 
Highway contamination: produces a number of heavy metal pollutants that arise 
from combustion of fuel products, wear and tear of vehicular components and, road 
surface degradation. The extent of contamination is dependant on a number of factors 
that include average daily traffic density, road age, topography and wind direction. 
Section 1.4 reviews the sources, extent and factors that affect the deposition of heavy 
metals into the roadside environment. 
Mining activity: is the oldest and most extensive source of heavy metal pollution. 
Surface mining can produce large quantities of waste especially in the production of 
iron ore, copper and coal. In addition, leaching of contaminants to the surrounding 
environment is inevitable. Mining activities, including ore extraction, crushing and 
smelting can release high levels of metals into the environment (see Table 1.3.1) 
[Durk et aA, 1973]. The use of metal coagulants, such as mercury for gold mining, 
can result in contamination of surrounding land and river systems. A study by Callahan 
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et al. (1994) has revealed the presence of mercury at a level 40 times higher than 
typical background levels in surface soil surrounding a disused gold mine. 
Table 1.3.1 Sources of metal contamination within the environment 
Source category Source type Metal(s) 
Highway Combustion products Mn, Pb 
Wear and tear components Cd, Cr, Cu, Fe, Mn, V 
Urban Coal fired power generation As, Cu, Fe, Hg, V, Zn 
Fly ashes As, Hg, Pb, Sb, Zn 
Refuse incineration Cd, Cr, Cu, Ni, Pb, Zn 
Airport Cd, Cr, Cu Fe, Ni, Zn 
Industrial 
(i) Smelters Lead smelters Cd, Cu, Pb, Zn 
Zinc smelters Cd, Fe, Mn, Pb, Zn 
Copper smelters As, Cd, Cu, Pb, Zn 
Nickel smelters Cd, Cu, Fe, Ni, Pb, Zn 
(ii) Metalliferous works Zinc refinery Cd, Zn 
Zinc mill Cd, Pb, Zn 
Steel works Cd, Cu, Fe, Mn, Pb, Zn 
Iron works Cd, Cu, Fe, Mn, Ni, Zn 
(iii) Non- Metalliferous Electrolysis works Hg 
works Phosphate works Cd, Cr, Fe, Ni, Pb, V, Zn 
OR refinery Fossil fuel Mo 
Agricultural Sewage sludges Cd, Cr, Cu, Mn, Ni, Pb 
Phosphate fertilisers Cd, Cr, Cu, Ni, Pb, Zn 
Mining and metal Open-cast lead mining Cd, Cu, Pb, Zn 
extraction Zinc mining Cd, Cu, Pb, Zn 
Coal strip mining Cu, Fe, Mn, Mo 
Mine wastes Cd, Pb, Zn 
[Martin and Coughtrey, 1982] 
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Agricultural techniques: use insecticides, fungicides and herbicides in the 
preservation of food crops. The heavy metal content of metal stabilised or derived 
pesticides can be significant. Inorganic fertilisers used in agricultural techniques also 
contain significant levels of heavy metals (see Table 1: 3.1). The long-term use of 
sewage sludge in agriculture has increased levels of Zn, Cu, Ni, Cr, Pb and Hg in soil 
and subsequently Zn, Cu, Ni and Cd in cereal grains [Anderson and Nilsson, 19761. 
Energy production: in coal-burning power stations fly ash, in a particulate form, is 
emitted and deposited into the surrounding environment. Coal fly ash contains a 
number of elements that include, Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Pb, S, Ti, V 
and Zn that can potentially contaminate terrestrial systems. 
1.3.2 Anthropogenic sources of water contamination 
Soil leaching is an important anthropogenic source of water contamination. It 
follows that any anthropogenic pollutant within a soil profile has the potential to leach 
into rivers, streams and lakes and result in cases of water pollution. The most 
important sources for water contamination arise from mining activity, highway 
pollution and municipal wastewater. Most heavy metals do not exist in a soluble form 
for long periods of time. Anthropogenic metals are usually present in water as 
suspended, colloidal or organic solids which quickly undergo sedimentation and 
therefore water can be considered as a transient pollutant monitor. Bottom sediments 
can be regarded as long-term sinks for water pollution [Dossis and Warren, 1980]. 
Highway contamination: highway stormwater can contribute substantial levels of 
heavy metals into receiving watercourses. Stormwater contains over 31 inorganic 
contaminants present in µg/1 concentrations. Studies by Yousef et al. (1984) have 
revealed considerable contamination of downstream watercourses especially for Pb, 
Cd, Cu and Zn. Studies by Morrison et al. (1984) has found lead and copper to be 
mostly associated with the particulate phase and cadmium and zinc associated with the 
dissolved phase. A full review of stormwater characterisation and control is described 
in section 1.5. 
Mining Activity: results in discharge of acid mine drainage from coal mining activity. 
Further contamination into watercourses can result from release of Zn, Pb, As, Cu and 
Al salts [Gorham and Gordon, 1963]. Even small concentrations of these salts are 
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toxic to fish, wildlife and plants [Harkins and Swain, 19081. The use of metal 
coagulants, such as mercury in the gold mining industry, has resulted in serious 
contamination of river systems. An increase in mining activity in Brazil lead to a huge 
discharge of mercury into the aquatic ecosystem and subsequent contamination of 
drinking water [Nriagu et al., 1989]. 
16 
1.4 Highway Pollution 
The study of highway pollution falls into many categories depending on their 
sources that include air, noise and atmospheric deposition. Within this study 
atmospheric deposition in the form of wet deposition (or stormwater) and dry 
deposition (or terrestrial contamination) will be exclusively studied. Noise pollution is 
difficult to combat, however physical barriers such as bungs, tree linings and noise 
barriers have all proved effective in the reduction of noise pollution. Porous asphalt as 
a road surface has been used along a number of road systems, including the A34 
Newbury bypass in order to combat noise. Air pollution is intimately linked with 
atmospheric pollution as they are both derived from the same sources, namely, 
combustion products and vehicular wear. In general, any contaminants of < 10 µm in 
diameter will remain airborne for long periods and contribute to air pollution loads. 
Combustion products that include carbon monoxide, sulphur dioxide, oxides of 
nitrogen and particulates of Pb, Cd will add to air pollution. Contaminants > 10 µm in 
diameter will rapidly deposit through either wet or dry deposition. 
During wet deposition rainwater can contribute absorbed and dissolved 
pollutants and can act as a scavenger for particulate material. Cowgill et al. (1984) 
revealed that spray from vehicular movement on a wet carriageway can further 
distribute approximately 10 % of the pollutants up to 30 m away from the road system 
(refer to Table 1.4). Dry atmospheric fallout can be responsible for large amounts of 
road dust. A study by Bellinger et al. (1982) revealed that up to 70 % of road dust is 
attributed to atmospheric deposition. 
Table 1.4 The distribution of pollutants from spray 
Distance from Carriageway 
Parameter Im 2m 3m 
pH 6.1 5.8 5.7 
Total dissolved solids (TDS) (mg/1) 713 630 439 
(inorganic) (557) (270) (233) 
(organic) (156) (360) (206) 
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Table 1.4 The distribution of pollutants from spray (Contd) 
Distance from Carriageway 
Parameter Im 2m 3m 
Total suspended solids (TSS) (mg/1) 557 156 185 
(inorganic) (318) (89) (113) 
(organic) (188) (67) (72) 
Total Oil (mg/1) 52 47 36 
Soluble Oil (mg/1) 15 30 20 
Total Polyaromatic aromatic 211 
hydrocarbons (PAH) (µg/1) 
Soluble PAH (µg/1) 0.4 0.2 0.1 
[Cowgill et aA, 19841 
1.4.1 Sources of highway pollutants 
Pollutants associated with highway runoff can be generated from a wide variety 
of sources that are mixed with dust and other suspended solids in rainwater. Sources 
include; 
(i) road surface degradation, 
(ii) lubrication systems, 
(iii) load losses from vehicles, 
(iv) road surface cleaning, 
(v) atmospheric deposition/precipitation, 
(vi) vehicle traffic, 
(vii) exhaust emissions, 
(viii) de-icing compounds, 
(ix) degradation of vehicle parts, 
(x) agricultural activities. 
These sources can be divided into four main groups (Table 1.4.1); 
" traffic from the operation and passage of vehicles including those arising from 
abrasion, corrosion and attribution of both vehicle and highway surfaces, 
" maintenance from operations carried out on roads (e. g. de-icing), 
" discharges from accidents and spills, 
" others from miscellaneous sources, e. g. maintenance of vehicles, illegal disposal 
and agricultural activities. 
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Table 1.4.1 Sources of potential contaminants within a roadside environment 
Classification Traffic Maintenance Accidents and 
Disposal 
Other 
Sediment Carbon, asbestos, De-icing grit, Soil, gravel, Atmospheric 
organic solids, re-surfacing cement, dust, 
rubber, grit, grit, rust, sand, organic 
litter and plastics. metal filings, plastic, plastics, detritus, 
organic solids. litter. soil, 
Metals Lead, zinc, iron, Iron, copper, Lead, Iron, 
nickel, chromium nickel, zinc, manganese, 
cadmium, copper, cadmium, chromium, copper. 
vanadium. arsenic. iron. 
Hydrocarbons Petrol and oil, Tar and bitumen, Petrol, 
PAH's and MTBE, asphalt, PAH's, solvents, 
hydraulic fluid, oils, grease, oil, 
grease, antifreeze, solvents. grease. 
Salts and Nitrates, bromide, Chlorides, sulphates, 
nutrients sulphates, ammonia. phosphates, urea, 
cyanide, bromide. 
[Luker and Montague, 19941 
1.4.1.1 Sources from internal vehicular pollution 
Pollutant contributions from internal vehicle emissions originate from the metal 
content of fuel, lubricating oils and engine components. These include volatile solids 
and polyaromatic hydrocarbons (PAH's) derived from incomplete combustion; exhaust 
gases and vapours; petrol additives and hydrocarbon losses from fuel. Volatile solids 
will add to the total suspended solids loading of highway runoff and can act as carriers 
for both metals and hydrocarbons. Small quantities of bromide and nitrate may also be 
included in exhaust emissions [Bellinger et al., 1982 ; Cowgill et aA, 19841. Factors 
that affect the distribution of atmospheric particles include engine speeds and 
acceleration. For example, high engine speeds and rapid acceleration will increase 
emission rates. Petrol, diesel and mineral oil contains a number of metals as 
summarised in Table 1.4.1.1 (a). 
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Table 1.4.1.1 (a) Elemental composition of oil, petrol and diesel 
Element Petrol Diesel fuel Mineral oil 
(mg/1) (mg/1) (mg/1) 
Al <1 0.05 ± 0.02 <1 
P 0.17 0.08 1055 
S 228 1910 4269 
Cl NV 0.6 ± 0.7 2-250 
V <0.1 0.0002 ± 0.0002 0.002-0.12 
Cr <0.2 0.0009 ± 0.0007 1.5 
Mn 4.2 <0.3 1 
Fe <0.2 <0.09 5 
Co NV 0.0004 ± 0.0004 0.0007-0.003 
Ni <5 <5 0.06 
Cu <0.2 0.017 ± 0.009 0.5 
Zn 0.27 0.32 1044 
Br NV 0.3 ± 0.5 0.08-3.0 
Mo <0.08 <0.08 0.5 
Cd <0.3 <0.3 NV 
Sb NV 0.006 ± 0.005 0.1 
Pb 387 0.23 2.5 
[Pierson and Brachaczek, 1983] 
NV - No Value 
Elements including Cd, Ni, Pb and Zn can be volatilised as a result of fuel 
combustion. Published studies have revealed that these metals are readily volatilised at 
temperatures found within an engine (3000°C). The majority of lubricating oil within 
internal combustion engines are mineral-based with only a small fraction originating 
from fully synthetic oil. Mineral-based oils contain a number of metals, primarily V, 
Cu, Zn, Mo and Cd, as shown in Table 1.4.1.1 (a). In addition additives may also 
contribute to this metal loading. 
Engine components incorporate heavy metals as additives in order to improve 
the alloy properties. The main sources arising from engine wear is likely to be copper 
and lead from main bearings and wet clutches. However, these metals may contribute 
to the total metal loading of the engine oil and thereby be released to the environment 
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through oil combustion. A larger contribution may arise through leakage from engine 
casings [Young, 1997]. 
Petroleum additives -a petrol engine under load (high acceleration) can exhibit a 
problem termed `knocking'. Knocking is a direct result of partial oxidation in the outer 
regions of the piston due to prolonged heating and compression. In order to overcome 
knocking, additives are added. Until recently the most commonly used additives being 
tetra-alkyl lead compounds. In 1985, the U. K undertook a legislative reduction in the 
concentration of these additives from 0.4 g/l to 0.15 g/l. Tetra-methyl lead (TML) and 
tetra-ethyl lead (TEL) were the most common lead compounds added to suppress 
engine knocking. 
The combustion of the these tetra-alkyl lead compounds produce inorganic 
forms, principally PbO. Temperatures within the engine produce a full combustion of 
the additive allowing negligible amounts to be emitted with exhaust gases. The PbO 
produced adheres to the engine components and acts as a lubricant (especially on valve 
stems and seats). However, the accumulation of large quantities of PbO is undesirable 
and `lead scavengers', such as ethylene dibromide and ethylene dichloride, are used to 
prevent excessive build up. As a result they are emitted as volatile lead halides, such as 
PbBr2, PbBrCI, Pb(OH)Br and (PbO)2PbBr2 within exhaust fumes. During the early 
1970's such compounds accounted for 70-75 % of the total lead emitted into the 
environment [Ter Harr, 19711. Approximately 1% of the lead is emitted unchanged 
as TML or TEL, with the remaining 20-25 % becoming trapped in the exhaust system 
and engine oil. The organic forms of lead (unchanged TML and TEL) are volatile and 
exist in the vapour phase, or associated with small particulates. 
Lead chlorobromide (PbC1Br) is the primary salt introduced to the atmosphere. 
The fate of PbCIBr is unknown, however suggestions include the loss of free halogen 
to produce PbO from a photochemical decomposition reaction or the conversion of 
PbCIBr into lead oxides and lead carbonates. [Ter Harr, 1971]. An evaluation of the 
lead compounds emitted from vehicles is useful in evaluating their environmental 
impact. For example, the mobilisation and possible bioavalibility of soluble lead halides 
is significantly greater than the less soluble lead oxides and sulphates. Lead halides can 
be emitted in a particulate form and can occur in two main size categories. Primary 
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emissions produce particles with a diameter of <1 gm during cruise conditions. These 
smaller particulates contain a high proportion of organic lead. Larger particles of 
between 5 and 50 µm in diameter are generated by a reactivation of particulates 
previously deposited in the exhaust system. 
The contamination from leaded fuel has forced the use of an alternative 
additive. Unleaded fuel is the only form of petrol readily available in the UK after 
January 2000. Unleaded fuel within the U. K implements the use of olefins and methyl 
tertiary butyl ether (MTBE). The combustion products of these chemicals are gaseous 
rather than particulate and may not cause a problem in the immediate highway 
corridor. In the U. S and Canada there has been a move towards the use of 
methylcyclopentadienyl manganese tricarbonyl (MMT) [Lyman et aA, 1990]. MMT is 
almost entirely converted to inorganic oxides of manganese and is emitted via the 
exhaust system. In summary, heavy metal sources from an internal combustion engine 
are varied and are summarised in Table 1.4.1.1 (b). 
Table 1.4.1.1 (b) Summary of pollutant sources within an internal combustion 
engine 
Element Major Source Other minor sources 
Sb Motor oil Diesel fuel 
Br Fuel additives Petrol & diesel fuel 
Cd Motor oil Petrol & diesel fuel 
Cr Engine wear Motor oil 
Cu Motor oil Engine wear 
Fe Motor oil - 
Pb Fuel additives Motor oil 
Mn Fuel additives Motor oil 
Ni Engine wear Petrol & diesel fuel 
V Fuel Motor oil 
Zn Motor oil Petrol & diesel fuel 
[Pierson and Brachaczek, 1994] 
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1.4.1.2 Abrasion and corrosion (external vehicular pollution) 
Pollutants generated by the passage of traffic consist of the products associated 
with the abrasion of tyres and the road surface. In addition, factors such as the 
corrosion of vehicles, fuel and lubrication losses and brake wear are also large sources 
of pollution. Recently the introduction of catalytic converters has lead to the release of 
platinum within the roadside compartment [Zereini and Skerstupp, 19971. 
Tyre wear: releases lead, zinc and hydrocarbons in a particulate form. Zinc and 
cadmium are used in the vulcanisation of rubber [Lagerwerff and Specht, 19701. 
Table 1.4.1.2 (a) shows the elemental composition of tyre rubber. Further studies have 
assessed tyre degradation on a number of road surface types as a function of mass per 
area. Table 1.4.1.2 (b) summarises the results from such a study. 
Table 1.4.1.2 (a) Elemental composition of tyres 
Element 
(mgtkg) 
Concentration (mg/kg) Element Concentration 
Mg 48-680 Cu 0.4-14 
Al 38-1470 Zn 10100 
S 94-19500 Br 2-20 
Cl 230-31000 Cd 3970 
Mn 1-11 Pb 2680 
[Lagerwerff and Specht, 19701. 
Brake lining and pad wear: frictional wear and tear from brake linings releases Pb, 
Cr, Cu, Ni and Zn into the roadside environment. Zinc and copper are the predominant 
metals. The highest levels of deposition will occur in the heaviest areas of braking and 
manoeuvring, such as roundabouts and exit roads, and areas of congested traffic flow. 
Corrosion of vehicles: release heavy metals that include, Al, Cr, Pb, Mo, Cu and Zn. 
Lead and zinc are derived from rust particles and flakes of paint. Their impact is largely 
dependant on particle size and chemical form. 
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Table 1.4.1.2 (b) Impact of tyre abrasion as a function of various road surfaces 
Type of Street Total Lead Chromium Copper Nickel Zinc 
kg/(ha) g/(ha) 
Residential way 137 60 10 12 10 35 
Residential street 62 76 13 17 12 43 
Distributor road 72 112 19 26 18 63 
Main D road 109 172 29 39 27 96 
Main road 127 226 44 60 42 149 
Dual C-way 120 382 64 77 61 214 
Motorway 328 572 120 164 115 405 
[Muschack, 1990] 
Lubrication losses: losses from vehicle lubrication and hydraulic systems provide a 
steady source of organic contaminants, especially hydrocarbons. Lubricating oils 
contain phosphorus and metals, the latter from engine wear (see section 1.4.1.1) 
[Dussart, 1984]. Oils also contain PAH's at a concentration of approximately 8.5 
mg/kg in road dust [Cowgill et aA, 1984]. 
Welding: vanadium and nickel are found in welding materials and chromium, nickel 
and copper are components of metal plating [Ward et al., 19771. 
In summary, sources of pollutants from external vehicular pollution arise primarily 
from the wear of vehicular components as summarised in Table 1.4.1.2 (c). 
Table 1.4.1.2 (c) Summary of pollutant sources from external vehicular pollution 
Element Major Source Other minor sources 
Cd Tyre wear - 
Cr Metal plating Tyre wear 
Cu Brake wear Bodywork & rust 
Fe Bodywork & rust - 
Pb Bodywork & rust Tyre wear 
Ni Welding Brake wear 
Zn Tyre wear Brake wear 
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1.4.1.3 Maintenance as a source of pollution 
Pollutants from maintenance activities include de-icing agents, herbicides and 
pesticides from roadside verges and road re-surfacing. De-icing is the most important 
source in terms of heavy metal levels and will be discussed in detail. Rock salt is added 
to the road surface in order to prevent surface water freezing with grit added to act as 
a grip improver. Rock salt is a significant source of dissolved and suspended solids in 
stormwater runoff during the winter months. However, surprisingly only approximately 
10 % of major roads receive regular applications [Luker and Montague, 1994]. 
British standard BS-3247 gives values of rock salt advisable for de-icing use, 
although the detailed composition will vary dependant upon the source. A review of 
the literature reveals little information on pollution arising from de-icing activities. 
However, one study by Hedley and Lockley (1975) indicated that besides sodium and 
chloride other rock salt impurities, included Fe, Ni, Pb, Zn Cr and Cif. The 
composition of typical rock salt supplied by Imperial Chemical Industry (ICI) can be 
seen in Table 1.4.1.3. [Hedley and Lockley, 1975]. 
Table 1.4.1.3 Elemental composition of de-icing salt 
Element Concentration (mg/kg) Element Concentration (mg/kg) 
NaCl 90.6 % Zn 6.0 
Insoluble residue 9.2 % (mostly clay) Cr 4.7 
Fe 1550 CN 5.7 
Br 230 Pb 8.7 
Ni 12.0 
[Hedley and Lockley, 1975] 
Cowgill et al. (1984) questioned the insoluble fraction calculated by Hedley 
and Lockley (1975) and has suggested a value of 8% of which 80 % is grit. `Salting' 
contributes 25 % of total winter suspended solids loading and 90 % of total winter 
soluble loading [Cowgill et aA, 19841. In addition, salt itself can greatly increase 
corrosion rate of in vehicular components and any roadside metal structures, leading to 
increased metal loading of the adjacent environment. 
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Salt solution can create conditions that enable the release of toxic metals, such 
as mercury and cadmium from silt and sludges [WRC, 1993]. In addition, salt solution 
can affect the solubility and mobility of other ions. For example, salt significantly 
increases the levels of nickel, chromium and bromine in solution [Cowgill et aA, 1984] 
and can act to lower the solubility of lead resulting in metal precipitation from the 
solution [Laxen and Harrison, 19771. Salting can also damage the road surface by 
mobilising additional solids directly rendering the road surface more vulnerable to 
attack by freeze/thaw and road wear processes [Bellinger et aL, 1982]. Salting 
processes typically produce a loading of 10 g/m2 for frost and 25-40 g/m2 for freezing 
conditions after a snowfall [DOT, 19921. 
Recently the introduction of advanced meteorological forecasts, weather radar 
and thermal mapping and the measurement of residual salt on road surfaces have 
reduced the use of rock salt. Published studies have suggested other alternatives to 
rock salt, namely urea [Luker and Montague, 1994]. However, urea can lead to 
problems in water quality as it can hydrolyse to NH3. 
Rock salt can contribute to soluble and insoluble pollutant loading and 
increased corrosion rates of vehicular components, bridges or other road construction 
materials, and damage of the road surface. 
1.4.1.4 Road surface degradation 
Road surface degradation is an additional source of chemical contamination 
along the highway corridor. Research has evaluated the metal content of asphalt 
[Lindgren, 19961. Asphalt contains approximately 95 % stone material and 5% 
bitumen binder, which is chemically difficult to characterise and identify. The bitumen 
may contain many chemical forms, including V, Ni Fe, Mg and Ca compounds. Stone 
material can adsorb metal cations, such as V, Cr, Zn and Pb onto its surfaces, via 
hydroxyl group interaction [Lindgren, 1996]. Published literature values reveal that up 
to 24 g/km per vehicle is worn-off during winter periods resulting in the mobilisation 
of a significant quantity of the above metals [Lindgren, 1996]. Muschack (1990) 
assessed various road surface types in terms of wear and potential heavy metal 
loadings as summarised in Table 1.4.1.4. 
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Table 1.4.1.4 Emission of heavy metals from the abrasion of urban surfaces 
Type of Street Total 
kg/(ha) 
Lead Chromium Copper 
g/(ha) 
Nickel Zinc 
Residential way 1734 177 619 88 2030 285 
Residential street 2148 219 767 110 2513 352 
Distributor road 3152 322 1125 161 3688 517 
Main D road 4850 495 1731 247 5674 795 
Main road 7665 782 2736 391 8968 1257 
Dual C-way 11000 1124 3927 561 12870 1804 
Motorway 10000 1020 3570 510 11700 1640 
[Muschack, 19901 
1.4.1.5 Accidental spillages 
In terms of overall chemical loading accidental spillages are a minor concern. 
However, these spillages can potentially be the most serious source of chemical 
contamination. Accidental spillages can range from small losses of fuel from vehicles to 
major losses from oil tankers. Slurries and sludges can contribute to the suspended 
solids loading. 
1.4.2 Terrestrial contamination from highway activity 
Numerous studies have assessed the impact of road traffic on the enrichment of 
heavy metals in the roadside environment. These studies have been predominately 
concerned with road dust [Hamilton and Harrison, 1991 ; Hares and Ward, 1999 ; 
Ogunsola et aL, 1994 ; Ward, 19901, surface soil [Garcia, 1994 ; Lagerwerff and 
Specht, 1970 ; Reinirkens, 1996] and vegetation [Crump et al., 1980 ; Flanagan et 
aA, 1980 ; Little and Willen, 1978 ; Ward et aA, 1979]. The majority of these 
studies have assessed the elemental content of these matrices and have concentrated on 
Pb, Cd, Cu, Zn, and to a lesser extent Cr, Mn, Fe and Ni. Table 1.4.2 summarises the 
metal content of road dust, surface soil and vegetation in a number of key studies. 
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Studies characterising the heavy metal component of road dust [Al-Chalabi 
and Hawker, 1996 ; Radojevic and Harrison, 19861 have revealed that this material 
consists of many constituents including rubber particulates from tyre wear, particulate 
emission products and dry atmospheric deposition, with an estimated total loading in 
excess of 166 tonnes/km2/annum [Hedley and Lockley, 1975J. 
Surface soil can act as a reservoir for heavy metal deposition, and residence 
time will ultimately affect their concentration within the soil compartment. The 
residence time is influenced by the soil constituents that may have the ability to 
scavenge metals and/or change their chemical form and thus mobility [Reinirkens, 
1996]. Little is known about the chemical forms of heavy metals within roadside 
surface soil and those studies available concentrate on lead species. Sedimentation and 
precipitation are responsible for depositing lead particles predominately in the soluble 
halide form PbCIBr onto roadside soils. 
A study undertaken by Smith (1976) speculated that lead probably reacts with 
soil anions, such as S042", P043", C032", some soil organic (humic/fulvic acids) or clay 
complexes. All of these, excluding the organics, may make lead insoluble thus 
inhibiting mobilisation and subsequent bioavalibility towards surrounding flora. 
Adsorption of lead in soil by hydrous oxides of iron and manganese has also been 
suggested. Investigations using X-ray diffraction have found 50-70 % of lead was 
bound as PbSO4, with other compounds including Pb02, PbO"PbSO4, PbO and Pb° 
[Boyer and Laitinen, 19741. 
Sources of heavy metal contamination upon indigenous vegetation include 
atmospheric deposition onto the waxy cuticle surfaces and accumulation within plant 
organs. The impact of such pollutants on vegetation will depend upon the chemical 
form; solubility of metals within the underlying soil and the sensitivity of the plant 
species toward the metals [Flanagan et aL, 1980 ; Singh, 1988 ; Ward et al., 1975]. 
Studies relating solely to plant species have investigated the effects of seasonal 
variation [Crump et aA, 1980 ; Little and Willen, 1978 ; Ward et aA, 1979] and 
removal of dust particulates from waxy cuticle surfaces [Little, 19731. Heavy metal 
accumulation within the highway environment is dependant on a number of factors 
including: 
(i) average daily traffic (ADT) density [Chow, 1970 ; Garcia, 1994 ; Lagerwerff 
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and Specht, 1970 ; Ogunsola et aL, 19941, 
(ii) distance from road edge [Little and Wiffen, 1978 ; Reinirkens, 1996 ; Ward, 
1989], 
(iii) depth of soil profile [Chow, 1970 ; Lagerwerff and Specht, 1970 ; Little and 
Wiffen, 1978], 
(iv) prevailing wind direction and topography [Chow, 1970 ; Motto et aA, 1970 ; 
Reinirkens, 1996 ; Ward, 19891, 
(v) seasonal variation [Crump et aL, 1980 ; Ward et aA, 1979], 
(vi) road age [Chow, 1970 ; Lagerwerff and Specht, 19701, 
(vii) driving type [Lagerwerff and Specht, 1970], 
(viii) vehicle year and speed [Habibi, 1973]. 
Average daily traffic density: has a dramatic effect on the relative concentrations of 
heavy metals in road dust, surface soil and vegetation. Table 1.4.2 shows average daily 
traffic density values in relation to the heavy metal levels reported. As expected the 
heavy metal content within the roadside environment increases as a function of traffic 
density. For example, a study conducted by Ward (1990) showed increasing Cu, Zn, 
Cd and Pb levels from the M1, M6 and M25 motorways in accordance to a traffic 
density of 50,000,75,000 and 120,000 vehicles per day, respectively. No direct 
relationship exists between ADT and the heavy metal content of road dust, surface soil 
and vegetation. However, one study by Wheeler and Rolfe (1979) has developed an 
equation relating ADT and in this case lead concentration: 
Pb,.;, = -ADT((0.187/1.43e''43D) + (0.0147/0.08e ° °8D)) Eqn. 1.1 
where; D= Distance from road edge in metres. 
The authors recognised that the equation only fitted their data and application to other 
studies with differing environmental variables may not be appropriate. 
Distance from road edge: is recognised as an essential factor in the correct 
interpretation of heavy metal data. Numerous studies have investigated the effect of 
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heavy metal distribution at distance from the road edge. A review of the literature 
reveals atmospheric deposition of heavy metals occurs predominately within the first 
50 in, in a direction perpendicular to the road edge. The deposition of pollutants has 
been described to follow an almost exponential decrease with distance [Ward et aA, 
1975 ; Wheeler and Rolfe, 19791. Both authors have fitted the following exponential 
equation to their data: 
Pb,,,, i = BKgs + Ase )'v' 
where; Pb. i = Pb conc in soil 
A. = Pb conc at road edge 
Eqn. 1.2 
BKgs = background Pb conc level in soil 
Ks =a constant (1/m) 
D= distance from road edge (m) 
Although the mathematical modelling is valid, the relationship between heavy metal 
concentration and distance from the road edge also depends on factors that include 
prevailing wind direction, topography (see below) and particle size constraints. 
Depth soil profile: although it does not constitute part of this study, authors have 
found a decrease in heavy metal burden with soil depth. Chow (1970) reported a 
decrease in lead burden from 400 mg/kg in the top 0-2 cm layer to 60 mg/kg in the 10- 
15 cm layer. This restricted distribution may result from the divalent cationic nature of 
lead, which causes it to be bound to organic exchange surfaces that are abundant in the 
upper soil horizons. In addition, the reaction of lead with S042", P043", C03 2- anions 
reduces its solubility and thus impedes its downward migration in the soil profile. 
Studies by other authors on Cd, Ni, Cu and Zn have revealed a number of factors that 
impede the downward movement of inorganic contaminants [Falahi-ardakani, 1984 ; 
Lagerwerff and Specht, 1970]. These factors include: (i) pH; (ii) soil texture; (iii) 
clay mineral type [Zimdahl and Skogerboe, 1977]; (iv) percentage organic matter 
[Milberge et al., 1980]; (v) ion exchange capacity [Hassett and Miller, 1977] and 
(vi) soil drainage and rainfall intensity [Nightingale, 1975]. 
Prevailing wind direction and topography: a number of authors have found a 
greater enrichment of heavy metals in sites where the presence of prevailing wind 
32 
direction is evident [Cannon and Bowels, 1962 ; Chow, et al., 1970 ; Motto et al., 
19701. Ward (1989) showed the enrichment to be upwards of 20 %. Literature relating 
to topography is minimal. Both topography and prevailing wind direction can heavily 
influence the dispersion and accumulation of heavy metals via aerosol, particulate dust 
and spray processes. A number of authors have also studied the effect of dispersion on 
street canyons and further produced emission-dispersion models [Micallef and Colls, 
1999]. 
Seasonal variation: data concerning changes in heavy metal levels in relation to 
seasonal variation produces conflicting results. A study undertaken by Ward et al. 
(1979) has shown a decrease along the series winter > autumn > spring > summer with 
respect to lead in surface soil. In contrast, Crump et al. (1980a) found the lead content 
of pasture grass and surface soil to be maximum in winter and minimum in summer. As 
ADT is reported to be maximum in summer and minimum in winter Crump et al. 
(1980a) further concluded that the fluctuation in lead concentrations were not due to 
changes in ADT. 
Road age: is important in terms of the total heavy metal content of long-term 
accumulators, such as surface soil. The combination of ADT and road age contributes 
to the total elemental content. For example, Chow (1970) showed a greater burden of 
lead in surface soil from US Highway 1 (ADT 24,000 & opened 1920) of 403 mg/kg in 
comparison to the Washington-Baltimore Parkway (ADT 56,000 & opened in 1956) 
with only 122 mg/kg. These studies are however subject to road surfacing and 
maintenance effects. Road dust and vegetation are also affected by road age but to a 
lesser extent than surface soil, due to seasonal growth rates and transfer via rainwater 
into stormwater treatment facilities. Road age is critical in this study as comparison of 
data generated by the newly opened A34 Newbury bypass may prove difficult to 
interpret in relation to well established highway systems. 
Particle size: the distribution of heavy metals in roadside dust and surface soil also 
vary with particle size. Physical separation into grain size generally involves sieving 
through meshes of defined sizes, commonly 38,63,125,250,850 and 1400 µm. 
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However, other methods that include gravity sedimentation or differential 
centrifugation minimise distortions that arise if very fine material exists in larger size 
aggregates. 
In terms of vehicular pollution there are two distinct particle size fractions, 
dependant on source. Vehicular emissions are responsible for producing particle sizes 
typically < 10 µm in diameter. Approximately 70 % of these particles area µm in 
diameter. However, a study by Shultz (1994) has shown that particle size increases as 
a function of vehicle load, especially from high acceleration patterns. Habibi (1973) has 
revealed cold choked engine starts are responsible for producing particle sizes of 
approximately 5 gm. Mechanical abrasion of vehicle components and the road surface 
are responsible for producing larger particle sizes of between 15 and 1400 gm. Tyre 
particulates, brake dust and rust fragments can be of any size. A study by Cowgill et al. 
(1984) serves to illustrate the increasing concentration of lead in road dust with 
decreasing particle size (Table 1.4.2 (b)). 
Table 1.4.2 (b) Particle size distribution of lead in road dust (mg/kg, dry weight) 
Solid size fraction (µm) Road dust Solid size fraction (µm) Road dust 
1600-500 14.5 125-63 26.6 
500-250 15.6 63-38 22.1 
250-150 18.0 <38 27.6 
150-125 22.9 
[Cowgill et aA, 1984] 
In uncontaminated surface soil the highest levels of heavy metals are generally 
found in the fine < 63 µm particles, with decreasing levels in the larger quartz and finer 
sand fractions. The fine grain size particles commonly occur as complex aggregates, 
such as clay particles coated with organic material or Mn-Fe oxide layers. 
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1.5 Highway Drainage 
The development of motorway systems have given rise to concern about the 
possible effects of surface water runoff and the subsequent quality of receiving 
watercourses. Introduction of stormwater to these watercourses can have a major 
impact on aquatic life. Consideration must also be given to downstream water users, 
for example, livestock, irrigation and drinking water abstraction. The concern over the 
possible effects of stormwater on water quality has prompted both the European 
Community (EC) and World Health Organisation (WHO) to review water quality 
standards (see section 1.2). 
Construction of a road system extensively modifies the hydrological cycle 
resulting in a larger volume of water requiring treatment in a reduced time period. This 
disruption to the water cycle can produce an increase in total pollutant loading and 
conversely a decrease in contaminant load due to dilution. 
In the treatment of this highway stormwater discharge consideration must be 
given to the source of contaminants, the passage through the treatment system and the 
physical and chemical interactions of contaminants within the environment. A review of 
the literature suggests various types of pollutants present in stormwater can be 
classified into physical, inorganic and organic contaminants. 
Their are many types of stormwater facility and their usage are dependant upon 
factors that include ADT, road 'surface type and physical location. Common types of 
treatment facility are described in section 1.5.3. Balancing ponds remain the most 
advanced form of stormwater treatment and have developed to incorporate many 
features. Stormwater contains both dissolved and undissolved components. The 
undissolved components commonly consist of inert roadside dust and car wear 
particulates that will ultimately constitute part of stormwater sediment. 
1.5.1 Chemistry of stormwater 
Highway runoff consists primarily of pollutants produced from motor vehicles 
mixed with dust and other solids suspended in rainwater. Vehicles can contribute 
pollutants both directly and indirectly. Direct pollutant loading consists of vehicle wear 
products, such as, heavy metals and hydrocarbons. Indirect contributions can consist of 
dry deposition directly onto the road surface. Studies undertaken by Cowgill et al. 
(1984) have shown that processes, such as turbulence, can remove or redistribute 
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pollutants in the roadside compartment. The following sections classify these pollutants 
into physical, inorganic and organic contaminants. 
1.5.1.1 Physical contaminants in stormwater 
Total solids contribute a major source of pollution. Total solids comprise 
volatile, suspended and dissolved solids. Table 1.5.1.1 shows the level of physical 
contaminants present in a typical stormwater sample and corresponding values for 
rainwater precipitation. 
Table 1.5.1.1 Physical parameters within typical stormwater samples 
Parameter Precipitation 
mg/l 
Road Runoff 
mg/1 
Urban Runoff 
mg/1 
COD 2.5-322 5-1058 5-3100 
BOD 1.1 25-165 1-700 
TS 18-24 145-21640 400-15322 
TVS NV 37-1500 12-1600 
TSS 2-13 11-5500 2-11300 
VSS 6-16 100-1500 12-1268 
Settlable solids NV NV 0.5-5400 
Total dissolved solids NV 66-3050 9-574 
Conductance (pmho/cm) 8-395 10000 5.5-20000 
Turbidity (JTU) 4-7 NV 3-70 
[Montague and Luker, 19941 
COD - Chemical oxygen demand BOD - Biological oxygen demand 
TS - Total solids TSS - Total suspended solids 
TVS - Total volatile solids VSS - Volatile suspended solids 
NV - No Value 
Other parameters, such as temperature, have been evaluated with reported 
stormwater ranges of between 5-30°C [Schillinger and Gannon, 1985]. The level of 
physical contamination in stormwater is often expressed in loads as kg/km per year in 
addition to the conventional mg/l units. Studies by Cowgill et al. (1984) has identified 
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a typical stormwater loading of 2400,1500 and 740 kg/km per year for total solids, 
total suspended solids and total volatile solids, respectively, based on an annual rainfall 
of 500 mm. 
Total hardness in stormwater has a range of 12-1100 mg/l (as CaCO3) and can 
often affect the toxicity of other heavy metals. This parameter is important due to the 
geological nature of the Chalk and limestone-based parent material present within the 
major study site at Newbury. Average stormwater hardness is moderately hard to very 
hard. Studies at Newbury have shown the stormwater to be very hard with typical 
values of 120 mg/l. 
The pH of stormwater varies with the amount of sulphur dioxide and nitrogen 
oxide emissions [Novotny et aL, 19851. A precipitation range of pH 3-6 is not 
uncommon [Halverson et al., 1984] with a pH range of between 4.5-8.7 in normal 
stormwater. 
Aquatic life guidelines in force for the Canadian Drinking Water Quality 
Standards suggest a pH range of between 6.5-9.0. The calcium loading in the chalk- 
ed river systems at Newbury result in a typical pH value of 7.2 and therefore does 
not pose a problem for aquatic life. 
1.5.1.2 Inorganic contaminants in stormwaters 
A review of the literature has shown that at least 31 inorganic contaminants 
have been identified as being derived from motorway contamination [Cole et aL, 1984 
; Dannecker et aL, 19901. The majority of studies on motorway discharge have 
concentrated upon Pb, Cd, Cu and Zn. However, recent studies have also shown the 
importance of Ti, V, Fe, Mn, Co, As, Mo, Sn, and Sb as motorway-derived 
contaminants [Ward, 19901. 
The removal of metals from the road surface is dependant upon metal 
speciation; variation in pH throughout the storm; size distribution of the sediment 
fraction in addition to the storm characteristics (intensity/duration of storm flow). The 
mobilisation of metals which are predominately solid-bound, such as lead, are flow rate 
dependant. Those that are soluble, such as cadmium, will result in peak concentrations 
during the initial stages of a storm event due to rapid solubilisation. 
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Metals are subject to changing conditions within a stormwater system including 
aerobic/anaerobic conditions and pH. The processes that are responsible for changing 
these metals include adsorption, precipitation, dissolution, complexation, 
transformation and biochemical reactions. As such these metals can exist in many 
forms, modified or unmodified. These metals can be attached to inert sediments or be 
contained as an emulsion, or as particles, soluble salts or insoluble compounds. 
As a chemical form they can be organic or inorganic compounds, ionic species 
or complex forms. The species will depend upon the redox and pH conditions. 
Published studies indicate that these metals are predominately in the particulate phase 
[Dannecker et aA, 1990]. The environmental mobility and bioavailability of these 
metals is largely dependant upon their solubility and therefore concentration in 
solution. 
Consequently, an assessment of total metal concentration can be misleading 
with respect to toxicity as not all the metal is in a bioavailable form [Gjessing et aA, 
1984]. Some studies have quantified the soluble percentage as follows: 1-10 % for Pb; 
50 % for Cd; 50 % for Cu; and 30-50 % for Zn [Morrison et aA, 1984]. 
The levels of soluble metals will be highest (toxicity thresholds lowest) in soft 
water (low pH) areas that include South West and North West England. However, the 
case is reversed for hard water areas such as South and South East England (i. e. the 
London Orbital M25 and A34 Newbury bypass study sites), where the solubility of 
metals is lower (toxicity thresholds highest). Each element will now be reviewed in 
terms of potential toxicity towards aquatic species and humans. Table 1.5.1.2 (a) 
summarises the typical levels of heavy metals within stormwater with an indication of 
potential toxicity. 
Antimony: Aquatic life is not substantially affected by antimony in stormwater as the 
metal is associated with suspended solids [Dannecker et aL, 19901. Acute toxicity 
ranges from 0.6 (algae) to 9.0 (Daphina magna) mg/l, with chronic toxicity being 
approximately similar to that of acute toxicity [Makepeace et ah, 1995]; 
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Table 1.5.1.2 (a) Typical levels of metals in stormwater runoff 
Parameter Range (µg/1) Stormwater problem 
Human Aquatic 
Reference 
Aluminium 100-1600 Major` Major 1 
Antimony 3.5-23.0 Minor No 2 
Arsenic 1-210 Minor Minor 2 
Cadmium 0.05-137 Minor Major 2 
Calcium 40-200000 Minor Major 2 
Chromium 1-2300 Major Major 2 
Cobalt 1.3-54 NV NV 1 
Copper 0.6-1410 No Major 2 
Iron 80-4400 Major Major 1 
Lead 0.5-260 Major Major 2 
Magnesium 20-3040 No No 1 
Manganese 7-3800 Major NV 1 
Mercury 0.05-67 Major Major 2 
Nickel 1-4900 Minor Minor 2 
Sodium 180-66000 Minor No 1 
Vanadium 7.2-85 NV NV 1 
Zinc 0.7-22000 Minor Major 2 
1- [Dannecker et A, 19901 2- [Cole et aA, 1984] NV - No Value 
*(see_ Appendix B) 
Cadmium: is a concern with respect to both drinking water regulations and aquatic 
life. Unfortunately cadmium is mostly associated with dissolved solids and colloidal 
material [Morrison et aL, 1984]. Acute toxicity is affected by pH, water temperature, 
organic compounds (fulvic and humic acids) and other metals. Cadmium can 
bioaccumulate in both aquatic animals and plants; 
Chromium: is associated with suspended solids [Dannecker et aL, 1990]. Cr6+ is 
soluble and can stay stable for long periods in water with low organic matter. 
However, Cr3+ has an affinity to form stable complexes, such as Cr(OH)3 [Canadian 
Research Council, 1987]. The bioconcentration of Cr6+ is much greater in algae than 
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fish. The chronic toxicity of Cr3+ is 0.066-0.445 mg/1 for D. Magna [Canadian 
Research Council, 1987]. Cr" is more toxic in soft water; 
Cobalt: it is uncertain whether cobalt is a potential problem in stormwater. However, 
cobalt can bioaccumulate in aquatic plants and organisms, but biomagnification is not 
common. [Canadian Research Council, 19871; 
Copper: is a major toxic metal in stormwater and is mostly associated with dissolved 
solids in stormwater [Morrison et aL, 1984]. Copper can also be associated with 
colloidal material [Harrison and Wilson, 19851. Bioaccumulation can be very fast in 
both animals and plants [Canadian Research Council, 1987]; 
Iron: is primarily associated with suspended solids [Harrison and Wilson, 1985]. 
Iron oxides have a high surface area affinity for a number of trace metals, such as lead 
and cadmium, and as such the presence of these oxides may exert a scavenging effect 
to improve stormwater quality. Studies have shown that the presence of oxides can in 
fact reduce the overall toxicity of synthetic stormwater [Hall and Anderson, 1988]; 
Lead: is mostly associated with suspended solids [Morrison et aL, 19841. Lead is only 
weakly dissolved and over 90 % is solid-bound. Thus, due to its low solubility the 
ecological impact of lead is significantly less than might be expected. Solid-associated 
lead levels in runoff range between 100-1600 mg/kg. The analysis of sieved solid and 
particles from the road surface show a trend towards higher lead levels with decreasing 
particle size [Dannecker et aL, 1990]. Lead can bioaccumulate in aquatic organisms, 
benthic bacteria, plants, invertebrates and fish; 
Manganese: has a maximum drinking water limit of 0.05 mg/l. However, there are no 
aquatic guidelines; 
Nickel: is predominately associated with suspended solids and organic matter 
[Dannecker et al., 19901. This element is more toxic in softer water [Canadian 
Research Council, 1987]; 
Vanadium: in stormwater has a concentration in the range of 7.2 to 8.5 µg/l. 
Unfortunately there are no drinking or aquatic guidelines; 
Zinc: is mostly associated with dissolved solids [Morrison et aL, 1984]. Soluble zinc 
varies throughout a stormwater event from between 100 and 300 µg/l. The acute 
toxicity of zinc is affected by water hardness and pH [Canadian Research Council, 
19871. Zinc does not pose as much of a threat to aquatic life as Cd, Pb or Cu but can 
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be a problem at high concentrations or in soft water conditions [Athayde et aA, 19831. 
Zinc can bioaccumulate in plants and animals [Canadian Research Council, 1987]. 
A review of the literature has revealed a number of specific studies relating to 
highway runoff. Table 1.5.1.2 (b) summarises the stormwater levels of a number of key 
elements. As the table shows the majority of the studies concentrate on Pb, Cd, Cu and 
Zn. Fewer studies have characterised the Cr, Mn, Fe and Ni contributions of 
stormwater. 
1.5.1.3 Organic contaminants in stormwater 
More than 63 organic contaminants have been identified in stormwater runoff 
and many are derived from petrol, fuel, lubricating oils and hydraulic fluids. These 
contaminants are generally immiscible and lighter than water. Some such as bitumen 
and heavy fuel oil, can become heavier than water when naturally affected by bacteria. 
Approximately 70-75 % of hydrocarbon oils show a strong affinity for suspended 
solids. Removal of this solid leaves hydrocarbon concentrations in the region of 1-2 
mg/1. Polyaromatic hydrocarbons (PAH's) have an even higher affinity for sediment 
[Ellis, 19911. Conversely, MTBE (methyl tertiary butyl ether), an additive to unleaded 
petrol, is significantly more soluble than other hydrocarbons.. 
The oil content of suspended solids vary with particle size and is influenced by 
seasonal factors including road surface temperature and antecedent dry period. Some 
studies have revealed that aquatic life is not generally impaired by organic pollutants at 
the levels present in stormwater [Athayde et A, 1983]. Table 1.5.1.3 summarises the 
levels of polyaromatic hydrocarbons in stormwater. The European Economic 
Community (EEC) has set a drinking water maximum concentration for total PAH's of 
0.02 µg/l. Consequently, PAH's may present a problem for stormwater quality [Cole et 
a!, 1984]. 
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Table 1.5.1.3 Polyaromatic hydrocarbons detected in stormwater runoff 
Parameter Range (mg/1) Stormwater problem Reference 
Human Aquatic 
Anthracene 0.009-10 NV NV 1 
Benzo(a)anthracene 0.0003-10 NV NV 1 
Benzo(g, h, i)perylene 0.0024-1.5 NV NV 2 
Benzo(a) pyrene 0.003-10 Major NV 1 
Chrysene 0.004-10 NV NV 1 
Fluroanthrene 0.03-56 NV Minor 1 
Fluorene 0.06-1.0 NV NV 1 
Naphthalene 0.03-2.3 NV No 1 
Perylene 0.05-0.5 NV NV 2 
Phenanthracene 0.05-10 NV NV 1 
Pyrene 0.05-10 NV NV 1 
Total PAH 0.00024-13 Major No 1 
1- [Cole et al., 1984] 2- [Blumberg and Bell, 1984] NV - No Value 
1.5.2 Factors influencing the extent of highway discharge 
The distribution of pollutants in highway runoff is neither regular or 
continuous. A number of authors have reported the first flush phenomenon. At the 
start of a rainfall event the pollutants that have accumulated over the preceding dry 
period are collected and mobilised by the first movements of the water on the road 
surface and transferred into the drainage/control systems. 
Published studies have indicated that the first 10 % of the total volume of 
discharge from a storm event can present more in terms of pollutant loading than the 
remaining 90 % [Strecker, 1990]. However, this is an over simplification as the nature 
of the storm can be the determining factor in the liberation and collection of pollutants 
from the road surface. For example, a short high intensity rainfall is the most 
detrimental storm event. This high intensity rainfall has an abrasive effect upon the 
road surface mobilising pollutants that may otherwise remain, especially hydrophobic 
pollutants such as hydrocarbons. This coupled with the low volume of water produces 
stormwater with a high percentage of pollutant loading. The type of storm indicated 
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above commonly occur in the summer and can further aggravate the pollutant loading 
to receiving watercourses that have minimal water flow. 
Conversely, winter storms are generally longer in duration and deposit larger 
amounts of water upon the highway. This volume of water has the effect of diluting the 
highway pollutants in addition to further dilution from a greater volume present in the 
receiving watercourses within these winter months. Seasonal variation can also play a 
major part in the concentration of pollutants in stormwater runoff. Cowgill et al. 
(1984) has shown a significant difference between winter and summer variation as 
summarised in Table 1.5.2 
Table 1.5.2 Seasonal variation in pollutant loading 
Parameter Winter Summer 
pH Range Max 7.6 7.0 
Min 6.1 5.7 
Total Solids (TS) Max 12860 3700 
mg/1 Min 167 <15 
Total Dissolved Max 12560 455 
Solids (TDS) mg/1 Min 1441 12 
Total Suspended Max 717 3430 
Solids (TSS) mg/l Min 52 18 
Chloride Max 6714 40 
mg/l Min 12 1.0 
Total Lead Max 2874 8015 
µg/1 Min 316 100 
Total Zinc Max 4047 3425 
µg/1 Min 275 116 
Total Cadmium Max 102 39 
µg/1 Min <3 <3 
[Cowgill et aL, 19841 
The difference in total solids (TS), total volatile solids (TVS), chloride and 
bromine concentrations between winter and summer events are statistically significant 
at the 95 % confidence level. The high winter total solids and Cl" can be directly related 
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to de-icing activities. The relative winter-to-summer concentrations in total solids and 
cr are approximately 10: 1 and 1: 100, respectively. 
A study of Table 1.5.2 for TDS clearly shows a substantial difference between 
winter and summer variation. In winter 90 % of the total solids representing 
stormwater runoff can be directly attributed to dissolved solids. Sodium chloride 
makes up a large proportion of this dissolved solid and as such the TDS level varies 
with the application of de-icing salt. 
The rapid solubilsation of salt (NaCl) results in peak total solids followed by 
peaked dissolved solids within the initial stages of an event. Over 80 % of the total 
solid released occurs within the first 50 % of the total runoff volume. Cowgill et al. 
(1984) has revealed the complete removal of applied de-icing agent by a single event 
when the rainfall exceeds 4 mm. 
In summer the dissolved solids contribution to the total solids is lower than in 
winter at a level of about 30 %, with Na , Cat+, Cl" and CO32- as the major 
contributors. The length of the antecedent dry period and the traffic flow will directly 
influence the amount of material present on the road surface. The explanation for 
higher total volatile solids levels in winter is in doubt, however increased degradation 
of the road surface by salting may be of importance. 
1.5.3 Stormwater drainage methods and systems 
The prime function of highway drainage is the removal of surface water from 
the road surface in order to reduce the risk of road traffic accidents. A secondary 
function is to provide drainage of the road foundation, thus reducing the maintenance 
cost and prolonging the serviceable lifetime of the road. 
These road surfaces generally have a low permeability except for the central 
reservation and verges. A number of studies have suggested the use of a 
impermeability factor to calculate the percentage of rainfall that constitutes road runoff 
[Bellinger et aA, 1982]. The scale ranges from 0.75-1.00 indicating that between 75- 
100 % of rainfall becomes runoff. Of paramount importance are factors that can 
influence the volume of stormwater from a given area of road. These include: 
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(i) depth, duration, frequency and pattern of rainfall, 
(ii) surface conditions - roughness, permeability and slopes, 
(iii) exposure of site, and 
(iv) condition of drainage system. 
Ellis (1986) suggested that 0.1-1.5 mm of rain is necessary to initiate runoff. However, 
the relationship between rainfall and runoff is complex and will tend to be site and 
event specific making predictions of runoff quantity difficult. 
Various manual and computer-based programs concerned with the calculation 
of runoff volume have been developed by authors and the Department of Transport. 
Whatever the method of evaluating the most appropriate control measure for highway 
runoff it must conform to the four basic criteria: (i) transfer pipes should be designed 
to run at full peak flow for a storm with a probability once-in-a-year occurrence; (ii) 
the entire drainage system must be designed to accommodate a storm with a once-in- 
five-year occurrence without excess water remaining on the road surface; (iii) 
minimum velocity in transfer pipes should be > 0.8 m/s, with a maximum at 3.1 m/s (iv) 
minimum pipe sizes should be 150 mm diameter with a normal size of 900 mm 
diameter. 
Drainage systems can perform either surface or sub-surface drainage, with 
some systems such as filter drains satisfying both functions. Whichever drainage system 
is used the components must fulfil one or more of the following functions: 
(i) collection of stormwater from the road surface, 
(ii) conveyance of stormwater to further treatment facilities, 
(iii) sediment removal, 
(iv) pollutant removal, and 
(v) disposal of collected stormwater to the receiving watercourses. 
Various drainage systems are in use for collection of stormwater as summarised below. 
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Table 1.5.3 (a) The functions and water quality attributes of various drainage 
methods 
Method Primary function secondary function water quality attributes 
Kerbs and gully collection of surface sediment removal can remove pollutants 
pots water associated with sediment 
Filter drains collection and conveyance collection of sub- can remove pollutants 
of surface water surface water associated with sediment 
Porous collection of surface none unknown 
surfacing water 
Informal verge collection of surface collection of sub- can remove pollutants 
systems water surface water associated with sediment 
Fin drains collection of sub-surface none associated geotextiles may 
water remove pollutants associated 
with sediment 
Infiltration collection of surface sediment and pollutant can remove pollutants 
pavements water removal associated with sediment 
Catchpits and sediment removal pollutant removal can remove pollutants 
grit traps associated with large sediment 
Oil separators pollutant removal none can remove oil and other 
liquids that can float on water 
Infiltration disposal of surface storage; sediment and can remove suspended and 
basins water pollutant removal possibly dissolved pollutants 
Soakaways disposal of surface storage; sediment and can remove suspended and 
water pollutant removal possibly dissolved pollutants 
Detention storage of surface sediment and pollutant can remove pollutants 
tanks water removal associated with sediment 
Storage storage of surface sediment and pollutant can remove pollutants 
ponds water removal associated with sediment 
Sedimentation sediment removal pollutant removal can remove pollutants 
tanks associated with sediment 
Wetlands pollutant removal storage can remove and treat various 
pollutants 
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Although the primary function of the drainage methods is the collection of stormwater, 
the majority of methods are also able to improve water quality by the removal of 
sedimentation particulates. Treatment facilities often posses more than one drainage 
method allowing greater removal of pollutants in a sequential manner. The following 
section describes those drainage systems studied in this investigation. 
Gully pots: `gullies' are a common feature on British road systems and are generally 
used in combination with kerbs. The efficiency of the gully is substantially reduced 
where there is no kerb to generate the channel flow draining other areas of the road. 
The number of gullies installed will depend on the rainfall intensity, the area of 
drainage (typically 200 m2 per gully), the gradient of the carriageway and type of 
surface. As the name suggests gullies consist of a `pot', a small sump that is 
permanently full of water. Gullies are in use in conjunction with kerbs along the 
existing A34 roadway through Newbury and the London Orbital M25 motorway 
(junctions 6-9). Figure 1.5.3 (a) shows the cross section of a typical gully pot system. 
Gully grate 
Exit from pot 
Fig 1.5.3 (a) Cross section of a typical gully pot 
Constant water level 
Concrete surround 
The efficiency of gullies is well documented. A study undertaken by 
Karunaratne (1992) has revealed that gullies can remove between 70-75 % of the total 
solids loading. Karunaratne (1992) also revealed a relationship between sediment 
particle size and removal efficiency, indicating large particles sizes (>300 µm ; 95 %) 
are removed more effectively than smaller particles (63-100 pm ; <35 %). Other 
authors found removal efficiencies of 60-97 % for total solids in addition to 10-56 % 
and 54-88 % for COD and BOD levels, respectively [Aronson, 1983]. 
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A study by Grottker (1990) found the pot could contribute to the sediment loading by 
remobilisation of previously deposited material during severe storm events. Pollutants 
can form between rainfall events, where anoxic conditions and anaerobic degradation 
of sediments can lead to the release of soluble organic compounds in addition to 
increasing the BOD, COD and NH3 levels. 
Fin and Filter drains: are similar in construction and are particularly useful for road 
drainage in cuttings. They often have a dual function of controlling the groundwater 
level in addition to the collection of stormwater. Figure 1.5.3 (b) shows the cross 
section of a typical filter drain. The drain remove pollutants by allowing the stormwater 
to pass through a filter material before entering the perforated transfer pipes. 
Groundwater is also controlled as it is allowed to seep into this filter material. Few 
published studies are available on the performance of fin and filter drains. Those 
available indicate that they are efficient at removing solids and particulates from 
stormwater [Cowgill et aA, 1984]. Table 1.5.3 (b) shows the pollutant removal of a 
typical filter drain. 
Backfill ' 
' öb Core 
Geotextile 
Road construction 
Sub-base 
Capping layer 
Fig 1.5.3 (b) Cross section of a typical filter drain 
The effectiveness of these drains do not out weigh a short effective lifetime of 
only ten years. After this period the pollutant laden filter material requires replacing 
and consequently these systems drain only 25 % of major UK roads. 
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Table 1.5.3 (b) Mean annual removal efficiencies for a filter drain 
Pollutant Efficiency (%) Pollutant Efficiency (%) 
Total Suspended Solids (TSS) 85 Dissolved zinc 56 
Total lead 83 Chemical Oxygen Demand (COD) 59 
Total zinc 81 Oil 70 
Solid associated zinc 84 Polyaromatic hydrocarbons (PAH) 70 
Porous Surfacing: consists of porous asphalt superimposed on a dense impermeable 
pavement base. Figure 1.5.3 (c) shows the cross section of a typical porous surfacing 
drain coupled to a filter drain. The stormwater enters the road surface directly and 
thereby limits the movement of water across the road surface. The benefits include 
reduced splash and spray (reduction of the movement of pollutants in spray) and 
reduced risk of aqua planing and reduced traffic noise [Watkins and Fiddes, 1984]. 
Due to high expense (25-30 % more than traditional surfacing) porous surfacing is 
mainly used in the USA with very limited use in the UK. Pollutant removal capacity is 
low, however coupled to a filter drain can be very effective. Porous asphalt was the 
chosen surface for the A34 Newbury bypass primarily due to its ability to reduce road 
noise. 
Porous asphalt wearing course 
t50 
mm 
Filter drain Base course 
Road base 
" ,. i', ý 
Fig 1.5.3 (c) Cross section of a typical porous surfacing drain coupled to a filter 
drain 
Informal grass verges: are primarily used in rural locations and operate by allowing 
road runoff to dissipate across roadside verges into adjacent ditches or land. A major 
problem in the use of this system is the tendency for vegetation to grow above the road 
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surface level, thus forming a kerb that retains standing water on the road surface. Many 
verge systems have channels or pipes to prevent standing water, however these often 
become `silted up'. Published studies on informal verge systems are very limited 
although it appears there can be a removal of pollutant loading from stormwater runoff 
by dissipation over soil and vegetation. Approximately 10 % of UK roads use verge 
systems and they are in use along the existing A34 dual carriageway through Newbury. 
Grit traps and manholes: manholes are constructed at drain junctions to allow access 
for maintenance and have no pollutant reducing capability. Grit traps are used on UK 
road systems with the primarily function of removing grit and sediment. Stormwater is 
allowed to filter through a grit bed contained within a concrete chamber allowing the 
possibility for pollutant removal. Few studies have assessed the removal capability of 
grit traps. However, one study by Ellis (1991) revealed grit traps may remove up to 25 
% of sediment, 10 % of metals and 30-40 % of oil. Grit traps have limited use as; (i) 
fine grained particulate and soluble species are unlikely to be removed and (ii) 
contaminants deposited in a small rainfall event may be resuspended and removed 
during the next large event. 
Oil interceptors: function for the removal and storage of oil from the road runoff. The 
operation of oil interceptors is dependant upon the oil being immiscible in and lighter 
than water. The normal method of separation uses baffles, dip pipes or a combination 
of both. Bypass oil interceptors are becoming popular as they have the capability of 
limiting the throughput of the effluent that receives full treatment. This system allows 
for the first flush phenomenon, where the greatest pollutant loading in the first 10 % of 
runoff. Full treatment is only given to this percentage of the stormwater. Any flow in 
excess of this allowance will theoretically contain a reduced pollutant loading in 
addition to being subject to a higher dilution and is therefore allowed to bypass the 
treatment system. A cross section representation of a typical oil interceptor is 
illustrated in Figure 1.5.3 (d). 
High capacity stormwater flows tend to dissipate some of the oil fractions into 
minute globules and these can travel as suspended droplets within the main flow. 
Newer systems have been developed, including tilted plate separators and filters, that 
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actively remove these fine droplets. Sediment accumulation has become a problem in 
the use of oil interceptors and will lead to a reduction in capacity thus resulting in a 
reduction of oil removal efficiency. Only approximately 10 % of highway runoff 
receive any direct treatment for the removal of oil products. Oil interceptors are 
installed at one study site along the London Orbital M25 motorway and at 9 locations 
along the A34 Newbury bypass. 
Ground level 
Li Water flow 
[--> 
) 
IýA 
Fig 1.5.3 (d) Cross section of an oil interceptor 
Soakaways: consist of a pit with a porous base and side wall that is filled with stone or 
rubble and allows stormwater to dissipate into the ground. The pollution benefits are 
similar to those that use intill, such as filter drains. Such systems are widely used on 
UK road systems as they are a cheap alternative to positive discharge systems such as 
balancing ponds. A soakaway has been installed along the A34 Newbury bypass due to 
the local geology of chalk and limestone parent rock material. 
Sedimentation tanks: are constructed to contain a stormwater event in order to allow 
sedimentation of any particulate material present in the road runoff. Published studies 
reveal removal efficiencies can be between 30 and 60 % for a number of pollutants as 
summarised in Table 1.5.3 (c). Maintenance is required in order to prevent re- 
suspension of sediment in storm conditions. Sedimentation tanks or channels are 
present within all balancing pond treatment facilities along both the London Orbital 
M25 motorway and the A34 Newbury bypass. 
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Table 1.5.3 (c) Mean annual removal efficiencies for a Sedimentation tank 
Pollutant Efficiency (%) Pollutant Efficiency (%) 
Total Suspended Solids (TSS) 52 Dissolved zinc 15 
Total lead 40 Chemical oxygen demand (COD) 35 
Total zinc 47 Oil <30 
Solid associated zinc 57 Polyaromatic hydrocarbons (PAH) <30 
Balancing or detention ponds: are being increasingly used along UK motorways. 
The construction of a road system extensively alters the hydrological water cycle thus 
producing a larger volume of water. Consequently, the prime function of balancing or 
detention ponds is to control the release of stormwater into receiving watercourses or 
surrounding land. These flow control devices have recently also been designed to 
provide some degree of water quality improvement. The design and construction of 
balancing ponds aid in the removal of particulate and suspended solids only [Nix et aL, 
1988]. Soluble contaminants move rapidly through the treatment facility and will not 
be removed unless a change of chemical form allows sedimentation in a particulate 
form [Oberts and Osgood, 19911. 
The effectiveness of a balancing pond depends on; (i) the pond type, whether 
wet or dry; (ii) the mean water flow through pond, and (iii) the pond design. Balancing 
ponds often incorporate further specific treatment components such as oil interceptors, 
grit traps and dilution ponds, and are usually on-line treatment facilities. 
A review of the literature has revealed a number of studies investigating 
stormwater (both in wet Biofiltration and dry detention or balancing ponds) in relation 
to; (i) removal efficiencies of heavy metals from stormwater [Martin, 1988 ; Stotz, 
1990]; (ii) the relationship between residence time and the removal of particulate 
material by sedimentation [Nix et aL, 1988], and (iii) specific studies that have 
assessed reed bed biofiltration systems for the removal of heavy metals in stormwater 
[Ellis et aA, 1994]. 
The review also indicates that various studies have evaluated a number of 
detention pond parameters such as, physical dimensions, basin volume to runoff 
volume and basin surface area to surface drainage area. Table 1.5.3 (d) summarises the 
results from these studies. 
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Studies show that for wet biofiltration ponds the maximum pollutant removal 
capacity improves when the ratio of the pond surface area to the road surface drainage 
area is in excess of 2-3 % [Ellis, 19911. For dry detention basins, studies in Germany 
have indicated a poor level of performance (see Table 1.5.3 (d)) caused by re- 
suspension of settled particulate material during high rainfall storm events. 
Studies concerning balancing pond treatment have focused on sedimentation of 
suspended solids from stormwater and their accumulation as bottom sediment. The 
studies measuring the total heavy metal content of the bottom sediment have 
concentrated on Cr, Ni, Cu, Zn, Cd and Pb. Table 1.5.3 (e) summarises -the heavy 
metal content of bottom sediment of various ponds in a number of studies. The 
magnitude of the results represent a number variables including ADT of the road 
system drained, mean flow volume of the pond system, and pond size and age. The 
following points address specific balancing pond parameters and systems. 
(a) Percentage removal efficiency: has been calculated for a number of heavy metals 
in stormwater by a direct comparison of inlet to outlet concentrations. Although this 
type of comparison has its merits removal efficiency is dependant on a number of 
variables that include, metal speciation at the time of input, duration and intensity of 
the storms and the hydraulic retention time of the pond [Hvited-Jacobsen et al:, 
1987]. Consequently, the USEPA developed a method to calculate removal efficiencies 
throughout a storm event (EMC - Event Mean Concentration) from a number of 
storms [USEPA, 1983]. A study by Scholes et al. (1998) has calculated the percentage 
removal efficiency for a wetland detention pond and found for Pb, Cd, Cu and Zn 
removal efficiencies of 79,100,92 and 100 %, respectively. 
(b) Sedimentation: is the main process that occurs in the removal of pollutant loading 
using balancing ponds. Many factors affect the settling velocities or sedimentation 
process including: dissipation of inflow energy or ability to reduce stormwater flow 
[Oberts and Osgood, 19911; residence time in the pond and pond storage volume and 
turbulence [Martin, 19881. A study by Nix et al. (1988) investigated the mechanism of 
sedimentation in terms of particle sizes. The data revealed that settling velocities of 
particles were dependant on size, specific density and shape of the particles. 
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This study concluded that particles > 10 µm with a specific gravity > 1.0 will settle. 
Stormwater particles have high specific gravity and tend to settle in contrast to organic 
components that often have a low specific gravity and remain suspended in stormwater 
[Nix et aA, 19881. 
(c) Pond sediment accumulation rates and depth profiles: have been quoted by a 
few authors studying the long-term efficiency of balancing pond systems. Yousef et al. 
(1996) investigated 13 balancing ponds and calculated the accumulation rates as kg/ha 
per yr. They found a strong correlation between the ratio of surface drainage area and 
basin area with that of sediment accumulation for copper, lead and zinc. 
Depth profiles or the vertical migration of pollutants through the sediment 
profile have been studied by a number of authors. All concluded that heavy metal 
concentrations decrease rapidly with depth [Legret et aß, 1995 ; Yousef et aA, 1994]. 
Studies by Yousef et al. (1984) further found the decrease followed an exponential 
curve with depth for all heavy metals and revealed a strong binding affinity by bottom 
sediments thereby reducing their vertical migration. Yousef et al. (1994) further 
revealed the use of a clay-line based balancing pond would further inhibit the vertical 
migration of heavy metals through the pond sediment and thus improve groundwater 
quality. 
(d) Wetlands or biofiltration systems: traditionally wetlands and/or reed bed systems 
have been used for the treatment of municipal, industrial and agricultural effluent 
[Cooper and Findlater, 1990]. More recently biofiltration or reed bed systems have 
been constructed for the treatment of highway stormwater [Munger et aL, 1995 ; 
Taylor and Crowder, 19811. Martin (1988) reported on the removal efficiency of a 
wetland and found that a broad shallow design with a long residence time, slow water 
velocity, and high surface area-to-volume ratio was effective in the removal of 66 % of 
TSS, 75 % of lead and 50 % of zinc. 
Although no established design criteria for the treatment of highway runoff by 
constructed wetlands are available guidelines supplied by Halcrow Environmental 
Services (1993) propose the following; (i) the system should incorporate an oil 
interceptor and grit trap; (ii) a minimum retention time of 30 minutes is required for 
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optimum water treatment and (iii) a maximum flow velocity of 0.7 m/s is necessary to 
avoid vegetation damage and reduction in uptake by bioaccumulating plants. Munger 
et al. (1995) revealed an inappropriate fast water velocity could result in overland flow 
and thus little heavy metal removal from stormwater. This study revealed that the 
incorrect placement of a reed bed system, in this case in a central area, was inadequate 
for effective treatment of flows during storm events. 
A number of macrophytes have been used for the treatment of stormwater 
including, Typha latffolia, Iris pseudacorus, Phragmites australis, Sparaganium spp 
[Ellis et aL, 19941. Munger et al. (1995) compared the bioaccumulation of a number 
of macrophytes and found Iris pseudacorus and Phragmites australis to show higher 
uptakes of heavy metals and thus appear to be more efficient than Typha latifolia. This 
study further found the major metal bioaccumulation target area to be the root zone, 
with the compartment having 57-100 % of the total metal load. Accumulation within 
the shoots and leaves has also been observed by Taylor and Crowder (1981) and Ellis 
et al. (1994). Furthermore, Ellis et al. (1994) found Typha latifolia to have an extra 
ability to trap sediment, due predominately to a larger root system. Both Typha 
latifolia and Iris pseudacorus show considerable foliar decomposition within the 
winter months and thus the release of accumulated heavy metals into the water phase, 
and detritus into the sediments [Burgoon et aL, 1991 ; Ellis et ah, 1994]. 
In conclusion, the most suitable wetland plant species are those that possess a 
large surface area root system, a persistent sub-surface and above ground biomass and 
a large biomass accumulation rate, such as Typha latifolia and Sparaganium spp. In 
terms of pollutant removal, wetland systems can yield good removal capability by 
sedimentation, filtration and bioaccumulation processes. 
1.5.4 Summary 
To summarise, runoff quality depends upon a number of factors including; (i) 
road traffic profiles and characteristics; (ii) weather and any local micro-climate 
factors; (iii) evaporation rates and the antecedent dry period and (iv) the road drainage 
system, its characteristics and serviceability. 
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The worst case is a short duration intense summer storm which generates a 
small volume of rainfall after a long antecedent dry period. In this case pollutants that 
have accumulated upon the road surface during the dry period are mobilised by the 
small high intensity rainfall and discharged into receiving watercourses that are 
probably at a low flow. A larger rainfall event would allow the pollutants to become 
diluted by both the runoff and higher flows in the receiving watercourses. 
The first flush phenomenon is very important especially in these short summer 
high intensity rainfall events. The first flush containing very high levels of pollutants 
can in fact produce a `double peak' of suspended sediment. Sediment particles that 
may have accumulated in the drainage system are resuspended and are removed first 
followed by material from the road surface [Bellinger et aL, 1982]. Studies have 
shown the first flush phenomenon is not constant and is clearly a function of variables 
such as; the pattern of rainfall on the catchment area; the period of travel and the 
distribution of particulate matter throughout the catchment area [Bellinger et aA, 
1982]. 
Further studies have found that the importance of the first flush phenomenon 
can vary from storm to storm. The removal of soluble pollutants is not a function of 
the rainfall intensity as even light rainfall is sufficient to solubilise and remove these 
pollutants from the road surface. Conversely, the particulate material will require a 
more intense storm event in order to transport pollutants away from the road surface. 
In view of this it may be the case that the soluble contaminant loading will peak before 
that of the insoluble loading within a single storm event. 
The length of the antecedent dry period is significant in various ways for 
different contaminants. For example, soluble contaminants from traffic and 
atmospheric deposition will be collected in proportion to the antecedent dry period. 
Contaminants deposited by irregular events, e. g. as a result of de-icing, will not follow 
this pattern. However, inorganic materials and those associated with them, such as 
heavy metals and hydrocarbons, will collect until there is a storm of sufficient intensity 
to remove them (the intensity required being dependant on particle size). Thus, for 
inorganic material the antecedent dry period refers to the period since the last rainfall 
event which was sufficient enough to remove them. Adsorbed contaminants may attach 
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preferentially onto smaller particles and as such their movement follows an especially 
complex pattern. 
Stormwater quality is also influenced by the physical form of the pollutants. 
Fine particles may be more easily mobilised into suspension, although literature reveals 
that mobilisation is independent of size within the range 0.01-1 mm [Bellinger et aA, 
19821. Road surface roughness may also restrict the passage of particulate matter off 
the roadway. All these factors are important as the majority of pollutants (except salt) 
are carried or associated with particles. 
Studies by Collins and Ridgeway (1980) reveal that only 6% of roadside dust 
had a diameter of > 63 µm. However, this small component accounted for over 50 % 
of all heavy metals and nearly 75 % of particles. Other authors estimate that this 
particulate fraction contains over 90 % of the total inorganic contributions of lead, 70 
% for copper and 56 % for cadmium [Hewitt and Rashed, 19921. In addition, most 
oils and hydrocarbons are also associated with particulate material. 
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1.6 Highway contamination and knowledge 
The following section critically assesses the current knowledge on highway 
contamination from both an aquatic and terrestrial perspective. This section 
concentrates on both total metal determination and studies relating to speciation 
analysis. 
Terrestrial contamination: a detailed knowledge of possible contaminants from 
highway pollution has been gained. Sources originating from the internal combustion 
engine, tyres, brake linings, body rust, lubrication losses, road surface degradation and 
maintenance have all been identified and quantified. The transportation of pollutants 
from source into the environment, involving both wet and dry deposition, has been well 
documented [Cowgill et aA, 1984 ; Ward 19891. Data on the redistribution of 
pollutants by spray and turbulence has also received a detailed investigation [Cowgill 
et al., 1984]. 
Published studies concerning the distribution of heavy metals from road traffic 
activity have concentrated on Pb, Cd, Cu and Zn. Vanadium, Cr, Mn, Fe, Ni, Co, Mo 
and Sb have received less attention. A number of studies have focused on the 
relationship between heavy metal pollution and ADT on road systems that include 
motorways, A roads and urban classifications (refer to section 1.4.2). However, studies 
assessing road age and traffic flow characteristics are limited. 
A number of authors have investigated procedures to assess the extent of 
atmospheric deposition onto roadside vegetation [Little, 1973], shrubs [Flanagan et 
aA, 1980] and food crops [Ward, 1994], and their subsequent bioaccumulation. A few 
studies have assessed atmospheric deposition with respect to wind direction and 
seasonal variation. Studies concerning the vertical migration of heavy metals through 
the soil profile are extensive. 
Studies on environmental pollution during road construction has received no 
attention and most studies on highway pollution concentrate on post-contamination 
sites. Relatively few studies have assessed the roadside compartment prior to road 
opening in order to establish true `background' values. Only a few studies have 
assessed the increase in contamination as a function of time from a newly opened road 
system [Ward, 19891. No studies have assessed the impact of a decreasing ADT on 
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the heavy metal content of roadside dust surface soil and vegetation from a specific 
road system. Finally, in most reported studies sample collection and digestion 
procedures for roadside materials are inconsistent and ill-defined. 
Chemical speciation studies on roadside dust and surface soil have recently been 
explored to enhance our knowledge of the potential toxicity of heavy metals. The 
concern over lead pollution from fuel has lead to an extensive investigation into the 
chemical species of lead in both exhaust emissions and roadside soil (see section 1.4.2). 
Other authors have utilised sequential extraction schemes in an attempt to classify 
heavy metals into operationally-defined environmental phases chiefly, exchangeable, 
bound to carbonates, bound to Mn-Fe oxides, bound to organic and residual [Tessier 
et aL, 19791. Al-Chalabi and Hawker (1996) have utilised sequential extraction to 
identify the chemical forms of lead in roadside soil. Nowak (1995) and Ferguson and 
Nicholas (1991) using sequential extraction schemes identified the chemical forms of 
Cd, Cu, Zn, Mn and Fe in roadside soil and dust. Although these investigations are 
important, they are at best limited to environmental conditions and soil classification. 
Studies on chemical speciation of heavy metals have concentrated on post- 
contamination sites, with limited data available on natural or pre-opening sites. 
Consequently, studies addressing the change in chemical speciation from a natural to a 
highway-contaminated site during the initial stages of a new road system are critical. 
Aquatic contamination: a comprehensive knowledge of the physical, inorganic and 
organic components of stormwater is now available and their possible effects towards 
aquatic life are documented. The generation of stormwater from road surfaces and the 
greater intensity of pollutants found at the initial stages of a storm event is well 
understood. Comprehensive data concerning road run-off from motorway, A roads and 
urban road systems is only available for Pb, Cd, Cu and Zn. Studies correlating heavy 
metal stormwater concentrations, ADT and stormwater volume characteristics are 
available. Studies by Cowgill et al. (1984) and others have investigated changes in 
stonnwater content as a function of seasonal variation. Although stormwater treatment 
components have been developed, limited information regarding their pollutant 
removal capabilities is available. Few studies have investigated the removal capacity of 
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oil interceptors and grit traps. Studies concerning balancing pond technology have 
focused on wet biofiltration systems and to a lesser extent dry ponds. Data on removal 
efficiencies of heavy metals and event mean concentrations are available along with 
specific studies that have critically assessed reed bed performance. Nix et al. (1988) 
has studied the sedimentation processes that allow suspended material to settle in 
balancing ponds. Extensive information is available on bottom sediment accumulation 
rates and vertical migration of heavy metals through sediment. A study by Yousef et al. 
(1996) has mathematically modelled bottom sediment accumulation and settlement 
rates. A study by Legret et al. (1995) has further classified bottom sediment in terms of 
size distribution. 
In terms of quantifying the heavy metal content of stormwater, filtration 
through a 0.45 pm filter is recognised as the upper limit for dissolved species. Most 
studies have expressed heavy metal concentrations in terms of dissolved species, with a 
few studies characterising suspended solids. Morrison et al. (1984) has characterised 
the dissolved and suspended solids throughout a storm event. 
Few studies have evaluated balancing pond treatment facilities for a newly open 
road system Removal efficiencies of existing ponds are often difficult to interpret due 
to remobilisation of previously deposited sediment, making the above studies essential. 
Few studies have assessed multiple balancing ponds along the same road system, 
especially those with similar pond designs which may enable differences in catchment 
area and pond size to be critically addressed. Sample collection preservation and 
storage procedures are at best generalised and inconsistent for the collection of 
highway stormwater. 
Knowledge on chemical speciation of stormwater and sediment is limited. A key study 
by Morrison et al. (1984) involved separation via a chelex column into charged and 
uncharged or bioavailable and stable metal species. A few limited studies have utilised 
sequential extraction analysis for the identification of operationally defined 
environmental phases (see section 4.3.2) in bottom sediment [Legret et aL, 1995 ; 
Marsalek and Marselek, 1997 ; Yousef et aL, 1990]. 
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1.7 Aims and objectives 
The aims and objectives of this study fall into three categories, namely; (i) 
analytical procedures; (ii) terrestrial contamination (mainly from dry deposition), and 
(iii) highway discharge (stormwater). 
(i) Analytical procedures: 
a) to develop valid sample collection (including preservation and storage), and 
digestion procedures for quantification of heavy metals using conventional 
solution nebulisation and inductively coupled plasma mass spectrometry (ICP- 
MS), 
b) to evaluate and overcome instrumental effects (including spectral and non 
spectral interferences) in the analysis of total metal and speciation studies 
using ICP-MS. 
(ii) Terrestrial highway contamination: 
a) to study the important factors that govern the distribution and concentration 
of heavy metals within the roadside corridor using the existing A34 dual 
carriageway through Newbury, Berkshire, UK to highlight important factors 
such as, traffic flow characteristics (stop-start, accelerating and decelerating 
flow conditions), wind direction and topography, 
b) chemical speciation of heavy metals within roadside dust and surface soil 
along an existing road system, 
c) to study the increase in heavy metal deposition from a newly opened road 
system as a function of time using the A34 Newbury bypass, 
d) further to evaluate the change in chemical speciation within surface soil from a 
natural to a highway contaminated site. 
(iii) Highway discharge: 
a) to study the effectiveness of long-term wet biofiltration and dry balancing 
pond technology along an existing road system, the London Orbital M25 
motorway, 
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b) to further evaluate the pollutant removal capability of grit and silt traps, reed 
beds and pond basins in addition to changes in stormwater and sediment 
concentrations, 
c) to critically assess multiple balancing ponds along the A34 bypass in relation 
to a new road system with respect to differences in catchment area and pond 
size using stormwater, pond sediment, and heavy metal bioaccumulation 
within reed species, 
d) to evaluate the impact of stormwater discharge along the receiving 
watercourses namely, the Rivers Lambourn, Kennet and Enborne using river 
water and sediment analysis and, 
e) to further assess the efficiency of balancing pond treatment facilities along the 
London Orbital M25 motorway and the A34 Newbury bypass in relation-to 
suspended and dissolved solids removal. 
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2.0 Introduction 
This chapter investigates problems and errors associated with the analytical 
procedure used in this study. Important steps to be addressed within this analytical 
procedure include, sample collection, preparation, analysis and validation. An 
investigation into sample collection in terms of sample size, single/composite sampling, 
preservation and storage conditions will be addressed (section 2.2). An evaluation of 
conventional open vessel and closed vessel microwave digestion will be undertaken 
(section 2.4). Sample analysis using Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) will also be studied in relation to operating conditions, internal 
standardisation and quantification of spectroscopic and non-spectroscopic interferences 
(section 2.5). A study into sample validation using Certified Reference Materials 
(CRM's), inter-laboratory and inter-method studies will be examined as part of the 
quality control procedures used throughout this study (section 2.6). 
2.1 Environmental Monitors 
The environmental monitors used within this study can be classified by their 
matrix types, i. e. terrestrial (surface soil and sediment), botanical and water (river and 
storm). Surface soil and sediment contain numerous components that can scavenge 
heavy metals, these include carbonates, hydrous oxides of manganese and iron, organic 
compounds such as humic and fulvic acids and silicate material. These sites bind 
strongly with heavy metals (dependant on element and chemical form) and therefore 
surface soils can be regarded as long-term monitors of anthropogenic pollution. River 
and stormwater will not retain heavy metals for long periods (unless the metal is 
present in a soluble form) and therefore can be regarded as a short-term or transient 
pollution monitors. 
Biomonitors: the term biomonitor, as described by Wittig (1993) is `an organism that 
furnishes quantitative information about its surrounding environment'. In contrast, a 
bioindicator only supplies qualitative information. Papers addressing highway pollution 
use either moss [Grodzinska, 1978] or grass [Crump et aL, 1980a ; Ward et al., 
1975]. Vegetative species (such as, Glyceria Maxima) were used as biomonitors 
within this study, primarily due to their presence at all sampling sites. 
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2.2 Sample Collection Procedures 
The first and possibly the most important step in the analytical sequence 
remains that of sample collection and storage. Errors introduced within these stages 
through either sample contamination or analyte loss remain inherent throughout the 
entire analytical sequence. Within the literature there are numerous sample collection 
types and procedures as described below [Markert, 1994 ; Ward 1993]; 
Single or spot sample: collected from bulk material in a single sampling procedure, 
Random sample: random sample or samples collected from bulk material, 
Composite sample: collection of all single/spot sample processed collectively, 
Depth sample: samples taken from a single location at depth. 
The sample collection types used are dependant upon the analyte to be 
determined and the nature of the investigation (sample strategy). Many variables need 
careful consideration when choosing a sampling procedure, these include: 
(i) Size, quantity and volume of sample: in many cases a single sample is collected 
as representative for a sampling location. The size of this sample is dependant upon the 
expected concentration of the analyte under investigation, the analysis procedure and 
the distribution of the analyte. For liquids, the greater the volume of a sample from 
which the analyte can be concentrated the higher the precision of the result obtained 
[Markert, 19941. 
Due to the detection limit capability of ICP-MS (typically ng/l to µg/I), smaller 
sampling quantities can be used and the limiting factor becomes the quantity of sample 
required for analysis. However, a small volume can produce heterogeneity within a 
sample. A study evaluating sample collection procedures for heavy metals in 
stormwater can be seen in section 2.2.2. For solid samples, namely roadside dust, 
surface soil and river sediment the same conditions of size applies, however, the 
sample size is determined by grain size constraints. A study evaluating sample 
collection procedures for heavy metals in surface soil and vegetation can be seen in 
section 2.2.1. 
(ii) Number of samples: required depends upon the investigation i. e. whether spot, 
random, single or composite sampling is used (see section 2.2.1). 
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(iii) Time, duration and frequency of sampling: is dependant upon the sampling 
strategy. The study along the Newbury bypass requires a sampling frequency of 1,2 4, 
weeks and 1.5,2,3,5 and 7 months post-opening. Other examples within the study 
examine balancing ponds and their efficiency over a storm event. 
(iv) Analyte contamination and loss: during sampling contamination can arise from 
sampling devices and containers. For example, Cr, Fe, Mo and Ni can originate from 
stainless steel trowels and Cu, F, K, Na, Si, Sr and Zn from polyethylene containers. 
Analyte losses can occur due to sorption onto the sample container. Sample collection, 
contamination and analyte loss will be discussed in the subsequent sections. 
(v) Sample storage and conservation: stored samples must be treated in order to 
retain their chemical composition. Physical, biological and chemical processes that 
include, hydrolysis, adsorption and complexation can affect the concentrations of 
heavy metals within a water sample. Preservation methods for water matrices include 
acidification (usually with HNO3), cooling and freezing. However for chemical 
speciation most of these methods are not suitable or of limited value. Freezing (-20°C) 
has proved effective for minimising sorption of metals onto container walls. However, 
this is often accompanied by accelerated oxidation of nitrite to nitrate and sulphide to 
sulphate. [Markert 1994]. 
Road dust, surface soil and sediment preservation is not as critical due to the 
higher metal concentrations found. Typical procedures include pre-dying at 80°C for 
24 hrs and homogenisation using a 250 pm mesh sieve [Hares and Ward, 19961. 
Vegetative material is often pre-dried at 80°C for 24 hrs and dry ached at 450-550°C 
prior to storage (see section 2.3.3). 
2.2.1 Evaluation of collection and storage procedures for terrestrial samples 
A review of the literature indicates few studies have investigated sample 
collection procedures. This is not surprising when one considers that each study differs 
in project objectives, site specificity and analyte levels. Studies of highway 
contaminated surface soil and vegetation shows little consistency in their methods of 
sample collection. Various studies describes sample collection from a1 m2 quadrant 
for roadside dust [Ogunsola, 1994], surface soil and vegetation [Crump, et al., 1980b 
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Ward, 19901. A number of studies have used single or grab sampling for the collection 
of surface soil and vegetation [Garcia, 1994 ; Lagerwerff and Specht, 1970 ; Ward, 
1990 ; Wheeler, 1979]. 
A standardised method for the collection of surface soil was developed by the 
Technical Committee of Soil quality within the International Organisation for 
Standardisation (ISO/TC 190) [ISO 11464]. However, the prime application of this 
method involved soil mapping determinations. Therefore a requirement exists for a full 
investigation of sample collection procedures for surface soil and vegetation used 
within this study. 
Grid sampling and sampling depth: sampling patterns and grid mapping are based 
on an assumption the that the distribution of heavy metals in soil is homogeneous 
[Markert, 19941 and therefore an X, Y or W standard sampling pattern is sufficient. 
However, grid plans cannot be used within this study as all composite samples are 
taken from specific measured distances perpendicular from the road edge. Differences 
in heavy metal content from composite samples taken at various positions within the 1 
m2 grid may originate from variability in distance from the road and not sample 
heterogeneity. Soil depth sampling can be used to assess vertical movement of 
inorganic contaminants through the soil horizon is not part of this study. All soils 
within this study were sampled as top soil (0-2 cm). 
Sample size: ISO 11464 suggests that approximately 500 g of soil is requires to obtain 
a representative sample for physico-chemical analysis [ISO 11464]. No such standard 
exist for heavy metal determinations in surface soil and vegetation. Consequently, a 
study was conducted along the edge of the London Orbital M25 motorway that 
investigated the effect various sample sizes (surface soil - 1,10,50,100 and 500 g and 
vegetation - 1,5,10,20, and 50 g) have on heavy metal levels. The sample masses 
were collected and a 0.1 g sub-sample was prepared using a cone and quartering 
method. The process was repeated a number of times (n=5). The effect of sample size 
on heavy metals levels within roadside surface soil and vegetation are illustrated in 
Figures 2.2.1 (a) and 2.2.1 (b), respectively. 
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A review of the graphs reveals that 50 g and 20 g are the minimum mass 
required for a representative sample within surface soil and vegetation, respectively. 
Results for V, Cr, Mn, Fe, Co, Ni, Mo and Sb show similar trends. A large relative 
standard deviation was reported within the small sample masses (i. e. for 10 g of 
surface soil % rsd were 35,27,52 and 21 % for Cu, Zn, Cd and Pb, respectively) and 
may suggest heterogeneity exists. (see Appendix B). 
Single and composite sampling: a study assessing potential differences between 
single and composite sampling was undertaken upon the site described above. A single 
50 g sample and a 250 g composite sample was collected (by the collection of five 50 g 
sub-samples). Again cone and quartering produced a 0.1 g sample for mineral acid 
digestion (see section 2.4.1). The process was repeated a number of times (n=5) and 
the Student t-test data for Pb, Cd, Cu and Zn for this roadside surface soil are 
summarised in Table 2.2.1. 
Table 2.2.1 Comparison of heavy metal differences using single and composite 
sampling methods for roadside surface soil (mg/kg, dry weight) 
Element Single sample 
mean (s. d) 
Composite sample 
mean (s. d) 
ItIcaic 
value 
Cu 84.9 (4.0) 84.7 (3.9) 0.08 
Zn 938(14) 942(10) -0.53 
Cd 9.15 (0.14) 9.18 (0.12) -0.37 
Pb 1191 (25) 1176 (21) 1.04 
Student t-test; At the 95 % confidence interval ItI cnt is 2.31 for n=8 
(s. d) =standard deviation 
Statistical evaluation using a Student t-test at the 95 % confidence level, where 
ItIcrit is 2.31 (8 degrees of freedom), shows no statistical difference between the two 
sampling methods. The data for other heavy metals investigated within this study show 
similar trends. 
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2.2.2 Evaluation of collection and storage procedures for water samples 
Sampling a water body can lead to many errors including contamination and 
analyte loss. The degree of representation a water sample provides is directly related to 
the sampling procedure employed; the method of sample pretreatment; the 
preservation method and the method of sample transport and storage. A number of 
procedures have been described within the literature focusing on freshwater [Cowgill, 
19941, wastewater [USEPA, 19821 and groundwater [Rouen et aA, 1987]. Little 
attention has been given to sample collection of stormwater, however, a few authors 
have describe sampling volumes and preservation methods used. Studies undertaken by 
Hedley and Lockley (1975) describe sample collection volumes of 1 litre, whereas 
other authors describe volumes of 100 mis [Mesuere and Fish, 19891 and 25 mis 
[Hares and Ward, 19991. Studies undertaken by Hares and Ward (1999) and 
Mesuere and Fish (1989) describe preservation methods by acidifying with 1% HNO3. 
Martin (1988) and Hares and Ward (1999) further describe storage conditions at 4°C. 
The inconsistent sample collection procedures documented for highway stormwater 
necessitates a full evaluation of sample collection procedures within this study. 
Sample size: requirements depend upon the chemical test under investigation, the 
nature of the sampling location and the sampling objective. As described above the 
literature describes various sample collection volumes but no common volume can be 
inferred. A study within a balancing pond facility alongside the London Orbital M25 
motorway evaluated the effect of various sample volumes (1000,500,250,150,60 
and 25 mis) on heavy metal levels. Each sample was collected simultaneously from the 
same point within a silt/sedimentation trap. Polypropylene sample containers were 
employed for collection prewashed with de-ionised water (18 milli-ohms). No acid 
prewashing was employed at this stage as results from a combination of sample size 
and acidified samples may have proved difficult to interpret. Results revealed no 
difference in elemental levels found within any sampling volume. Data for Cu, Zn, Cd 
and Pb using various sampling volumes are summarised in Table 2.2.2 (a) 
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Table 2.2.2 (a) Comparison of heavy metal levels for various sample volumes 
(ig/1) 
Element 25 mis 60 mis 150 mis 250 mis 
mean (s. d) mean (s. d) mean (s. d) mean (s. d) 
Cu 252 (12) 258 (10) 250(13) 259(10) 
Zn 200(9) 194(8) 203 (10) 198 (11) 
Cd 10.8 (0.9) 11.1 (1.0) 10.4 (0.8) 10.2(l. 1) 
Pb 76 (3) 78 (4) 75 (3) 79 (4) 
(s. d) = standard deviation 
n=5 
Single and composite sampling: studies investigating site representativeness describe 
collection of composite and single samples for an assessment of a whole sampling 
location [Hem, 1978]. In this study the requirement involved collection over specific 
sites within a stormwater treatment facility. A study assessing differences between 
single and composite sampling was undertaken by a comparison of a single 25 ml 
sample and a 150 ml composite sample (by five 25 ml sub-samples). The process was 
repeated a number of times (n=5) with the results summarised in Table 2.2.2 (b). 
Table 2.2.2 (b) Comparison of heavy metal differences using single and composite 
sampling methods for stormwater (pg/1) 
Element Single sample Composite sample ItIcai. 
mean (s. d) mean (s. d) value 
Cu 185 (10) 191 (14) -0.92 
Zn 147 (17) 142 (16) 0.49 
Cd 8.20 (0.23) 8.43 (0.20) -1.69 
Pb 48.4 (4.4) 46.4 (4.7) 0.69 
Student t-test; At the 95 % confidence interval Itlcrit is 2.31 for n=8 
(s. d) = standard deviation 
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A review of the ItIc, k values for heavy metals in stormwater reveal a non- 
statistical difference between the two sampling methods at the 95 % confidence 
interval. Composite samples therefore do not provide a better representation of analyte 
levcls in stormwatcr. 
Sample preservation: sample composition can start changing physical, chemical and 
biological components almost instantaneously after collection. Samples must therefore 
be preserved using typical methods such as refrigeration (see below), pfi adjustment 
and chemical fixation. The published literature regarding preservation of water for 
trace clement analysis commonly describes the use of acidification with high purity 
nitric acid (Aristart-BDII) (Markcri, 19941. The subsequent low solution p11 inhibits 
adsorption of trace metal ions onto the surface of sample containers and prevents the 
formation of trace metal precipitates. Studies concerned with the assessment of heavy 
metals in highway stormwater commonly employ acidification to produce aI%I IN03 
solution IMcsucrc and Fish, 1989 ; Marrs and Ward, 19991. An assessment of 
acidification using nitric acid was undertaken, whereby non-acidified stormwater 
samples were compared with acidified samples (1 % IIN03 (v/v) - Aristart-BDI1). The 
process was repeated a number of times (n=5) with the results summarised in Table 
2.2.2 (c). 
Table 2.2.2 (c) Comparison of heavy metal differences using acidified and non- 
acidified sampling methods for stormwater 
Element Acidification Non-acidification ItIc,, c 
mean (s. d) mean (s. d) value 
Cu 168 (7) 149 (5) 5.1 
Zn 140 (4) 115 (7) 6.8 
Cd 8.55 (0.07) 8.22 (0.11) 5.6 
Pb 51.3 (0.7) 45.1 (0.8) 12.6 
Student t-test; At the 95 % confidence interval Itb1, is 2.31 for n-8 
(s. d) - standard deviation 
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Statistical evaluation using a Student t-test at the 95 % confidence level, where 
ItIc,,, is 2.31 (for n=8) shows a statistical difference between the two sampling methods. 
The data therefore indicates that loss via the processes described above may account 
for the lower heavy metal content within unacidified samples. Consequently, failure to 
pre-acid wash sample collection vessels can cause for major analyte loss. 
Table 2.2.2 (d) shows heavy metal levels for acidified and non-acidified 
stormwater and the relative percentage metal loss through weal- adsorption (and other 
processes) onto the sample container. A number of studies have characterised phase 
distribution in stormwater. Morrison et at (1984) indicated the dissolved fractions for 
Cd, Zn, Cu and Pb arc approximately 50 %, 30-50 %, 2040 % and 10 %, respectively. 
Acid pre-washing may prevent the adherment of dissolved metal species onto the 
vessel walls and consequently phase distribution may partly account for loss in 
stormwater samples. For example, the data in Table 2.2.2 (d) revealed that in the 
absence of pre-washing, a metal loss of 39 % was reported for cadmium and 
correspondingly only 16 % for lead. 
Table 2.2.2 (d) I leavy metal stormwater levels for acidified and non acidified 
samples under collection conditions with relative percentage loss to 
container walls (µg/1) 
Element Acidified sample Non-acidified sample Relative % loss* 
V 8.1 7.4 8.2 
Cr 33.2 30.3 8.8 
Mn 107 92 14 
Ni 21.8 20.2 7.3 
Cu 95.4 73.6 22.8 
Zn 70.8 49.3 30.4 
Cd 2.99 1.82 39.1 
Pb 23.0 19.4 15.6 
" calculated from a comparison of acidified and non-acidified elemental levels 
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Storage conditions: published reports are limited regarding the storage conditions 
used for water matrices. Procedures available include refrigeration at 4°C and freezing 
at -20°C I111arkert, 1994 ; Ward 19931. Studies concerned with the assessment of 
heavy metals in highway stormwater commonly describe refrigeration as the most 
common storage procedure. An assessment of conditions for sample storage involved a 
comparison between non-refrigerated and refrigerated samples (at 4 °C) after a two 
week period of storage. The process was repeated a number of times (n=5) with the 
results summarised in Table 2.2.2 (e). 
Table 2.2.2 (e) The effect of refrigeration on stormwater (pg/I) 
Element Nan-refrigerated Refrigerated ItIc c 
mcan (s. d) mean (s. d) value 
Cu 182 (8) 193 (11) -0.90 
Zn 132(17) 141 (15) -0.88 
Cd 8.31 (0.24) 8.45 (0.19) -1.73 
Pb 47.3 (4.0) 44.6 (5.0) 0.81 
Student t-test; At the 95 % confidence interval Itbi, is 2.31 for n=8 
(s. d) - standard deviation 
Table 2.2.2 (e) shows no statistical difference (at the 95 % confidence interval) 
for heavy metal levels in stormwater using either storage method. Although non- 
refrigeration represents little in tenons of analyte loss all samples were stored at 4°C 
prior to analysis. 
2.2.3 Summary 
Many errors can be introduced within a sampling procedure that may 
subsequently produce inherent errors in the sample analysis and thus influence the 
accuracy and precision of the final determination. The studies undertaken have 
investigated the most important areas of both solid and liquid sample collection 
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procedures with reference to highway contamination. These studies have investigated 
and established various criteria. 
For surface soil and vegetation the minimum sample size requirements are 50 
and 20 g, respectively, and for surface soil alone there is no statistical difference (at the 
95 % confidence interval) between composite and single sampling. For water analysis a 
representative sample was obtained for all collection volumes. There is no statistical 
advantage in collection of a composite sample over a single sample (at the 95 % 
confidence interval). Sample preservation and storage for water matrices reveal 
acidification and refrigeration will minimise analyte loss for all heavy metals studied. 
Figure 2.2.3 illustrates the combined effect of refrigeration and preservation (using 
HNO3). 
c 
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A/F denotes: Acidification/Refrigeration NoA/F denotes: no Acidification/Refrigeration 
A/noF denotes: Acidification/no Refrigeration NoA/noF denotes: no Acidification/no 
Refrigeration 
Fig 2.2.3 The effect of analyte loss through non-acidification and non- 
refrigeration of highway stormwater 
As the data shows substantial analyte losses can occur through incorrect sampling and 
also reveals that acidification is more important in terms of sample preservation than 
refrigeration conditions alone. All samples collected throughout this study use the 
sampling procedures described within this section. 
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2.3 Sample Preparation Procedures 
The elemental analysis of environmental and botanical samples by conventional 
pneumatic nebulisation ICP-MS requires the sample to be in the form of a solution. For 
aquatic matrices direct nebulisation into the ICP-MS is usually possible unless filtration 
or preconcentration is required. However, for solid matrices a solution is achieved by 
the process of dissolution or digestion of a sample usually by mineral acids. An 
effective digestion procedure must possess the following features; 
(i) should effect full dissolution leaving no insoluble residues, 
(ii) reagents used should not interfere with subsequent analysis (i. e. HCl see 
section 2.4), or alternatively it should be possible to remove them from 
the sample, 
(iii) reagents should be available in a high purity form to prevent reagent 
contamination, 
(iv) the method should not involve too many time consuming steps, 
(v) the digestion vessel should be inert to attack from the reagents or sample 
matrix, 
(vi) analyte loss through adsorption onto or into the walls of the digestion 
vessel, or losses through volatility should be minimised. 
An effective digestion procedure can remove inhomogeneities, eliminate 
analytical interferences and possibly pre-concentrate heavy metals [Jackwerth and 
Gomiscek, 1984]. 
2.3.1 Conventional open vessel wet digestion 
Acid dissolution of a sample matrix is complex. The acid or acid mixture is 
chosen for its efficiency in total decomposition. In general, the acid type chosen forms 
a soluble salt with the metal ion of interest with nitric and hydrochloric acids being 
most common. However, a knowledge of the sample matrix, its elements and 
compounds is critical in choosing the appropriate acid to ensure total dissolution. 
Common mineral acids used for digestion include HNO3, HCI, HF, HC1O4 and H3PO4. 
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Theoretically for effective digestion using mineral acids, each heavy metal of interest 
must possess a standard electro-potential greater than hydrogen. Table 2.3.1 shows 
standard electro-potential for a number of important elements within this study. 
Table 2.3.1 Standard electro-potentials in volts at 25°C for various heavy metals 
Redox Pair Standard potential (V)Redox pair Standard potential (V) 
Cu +/Cu +0.34 Fe +/Fe -0.44 
H+/V2H2 0.00 Cri+/Cr -0.74 
Pb2+/Pb -0.13 Zn2+/Zn -0.76 
Nie+/Ni -0.23 Mn2+/Mn -1.19 
Cd2+/Cd -0.40 V2+N -1.20 
[Bock, 1979J 
Copper is the only element that is more electronegative than hydrogen and may resist 
acid attack, however, in practice concentrated mineral acids and their mixtures often 
prove effective in the dissolution of copper from most sample matrices [Anderson and 
Chapman, 19861. The following section describes various mineral digestion acids in 
terms of properties, applications and suitability for ICP-MS analysis. 
Single acids: concentrated nitric acid is a strong oxidising agent which will liberate 
heavy metals from many materials (including biological and botanical matrices) as 
highly soluble nitrate salts [Anderson and Chapman, 19861. The addition of 
complex-forming species, such as, HCl or HF is often required to effect the dissolution 
of those metals insoluble in HNO3 alone. From an analytical perspective, HNO3 is the 
best acid medium for ICP-MS analysis as the constituting elements H, N and 0 are 
present in the air entrained by the plasma [Gray, 1986b]. 
Concentrated hydrochloric acid behaves as a strong acid but shows no 
oxidising properties other than those associated with the H+ ion (see Table 2.3.1). HC1 
as a sample matrix presents many problems associated with polyatomic interferences of 
Cl species. 
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Hydrofluoric acid (36 % HF) has a high vapour pressure and low boiling point 
of 111°C and therefore is easily volatilised. HF is the only acid which will readily 
dissolve silica based materials via the formation of SiF62" ions in acidic solution. 
Silicates are converted to SiF4 which is readily volatilised during open vessel digestion 
procedures liberating silica bound heavy metals into solution. 
Mixed acids: sample dissolution may also involve a mixture of two or three acids 
combining useful properties of both reagents. Aqua regia (AR) (3: 1 HCI: HNO3) is an 
example of the combination of two acids to form products with greater reactivity than 
either acid alone. The effectiveness of AR is not only due to the complexing power of 
the Cl" ion, but also the catalytic/oxidative effect of C12 and NOCI (nitrosyl chloride) 
produced during the reaction [Dolezal et aA, 1968]. 
HF in combination with HNO3 is used as a complexing reagent (F powerful 
complexing anion) and also for the removal of silica based material. 1: 1 HNO3: HF is a 
common reagent used in the dissolution of soils and sediments. 
Hydrogen peroxide (30 % H202) has a strong oxidising ability which increases 
in acidic solution [Bock, 1979]. H202 can be employed alone but is more often used in 
combination with acid mixtures [Bock, 1979]. H202 is often used as a final `cleanup' 
reagent in environmental sample digestion. 
Conventional open vessel sample dissolution methods: a review of the sample 
dissolution procedures for roadside dust, surface soil, river sediment and vegetation 
reveals numerous method variations and acid mixtures as described below. The 
majority of procedures reviewed include a pre-drying step for all terrestrial matrices. 
This involves either air drying [Reinirkins, 1996 ; Wheeler and Rolfe, 19791 or oven 
drying at various temperatures including: 50°C [Ward, 19941; 70°C [Flannagan, 
19801 and 80°C [Crump, 1980b]. Crump (1980b) used a Kjeldahl flask and 
concentrated HN03 to effect dissolution of surface soil, whereas Wheeler (1979) used 
concentrated HCl and Lagerwerff (1970) employed 6N HCl for use with hot plate 
digestion. Ward (1994) has used a 1: 1 (v/v) HN03: HF mixture and aqua regia 
(HCI: HNO3,3: 1 v/v) has been employed by various authors for dissolution [Garcia, 
1994; Reinirkins, 19961. In contrast, studies undertaken on botanical matrices in 
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relation to highway contamination reveals HNO3 as the most popular dissolution 
reagent. Various hot plate digestion procedures have been employed using different 
strengths of HNO3 including: concentrated HNO3 [Crump, 1980b]; 2M HNO3 
[Ward, 1977] and 1% v/v HNO3 [Ward, 1994]. Other acids and acid mixtures 
include: concentrated HC1 [Wheeler, 1979]; 6N HCl [Flannagan, 1980] and 
HNO3: HC1O4 [Lagerwerff, 1970]. 
The studies undertaken reveal inconsistency in digestion procedures and acid 
mixtures used for the determination of heavy metals. Consequently there exists a 
requirement for a full investigation of digestion procedures for sample matrices within 
this study (see section 2.4). 
2.3.2 Dry ashing 
Dry ashing is perhaps the most common technique employed for ashing organic 
or biological matrices. The procedure usually involves placing the sample in a crucible 
and heating within a muffle furnace (at fixed temperature). This facilitates the 
combustion of organic material and leaves an involatile inorganic ash. The oxygen 
within air acts as an oxidising agent and the ash consists primarily of metal oxides, 
sulphates, nitrates, chlorides and silicates [Williams, 19961. The main advantage of dry 
ashing is simplicity and relative freedom from contamination (as no other reagents are 
involved). However, there are also several disadvantages and limitations including: 
(i) chemistry of the process during ashing is complex with oxidising and 
reducing conditions varying throughout the ashing, 
(ii) volatile elements or those that can be converted into volatile species may 
be partially or completely lost. Table 2.3.2 summaries the important 
elements within this study, volatility of various compounds, limitations 
and typical ashing temperatures, 
(iii) losses due to reaction with use of a crucible. Within this study silica 
vessels have been employed for ashing, 
(iv) contamination from; (a) dust particles (arising from other vessels and 
the furnace walls), 
(b) release of boron from the fire clay of the 
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furnace at temperatures in excess of 450°C 
[Bock, 19791. 
Ashing of vegetative material within this study is a key step in the removal of 
organic material prior to acid dissolution. Each heavy metal under investigation has an 
optimum ashing temperature, however, twelve elements are required for analysis 
within each sample and therefore an ashing temperature of 500-550°C is the most 
effective compromise. 
Table 2.3.2 Volatility of various trace elements during ashing procedures 
Element Volatility of compounds/losses References 
V no volatilisation observed at 450-500°C Hamilton, 1967 
Cr no volatilisation observed at < 600°C Feldman, 1967 
Mn ashing temperatures of NOT common Kometani, 1972 
Fe no volatilisation observed in silica vessels Petersen, 1952 
at < 600°C 
Co loss at 550°C observed in silica vessels Kometani, 1972 
Ni ashing temperatures of 450-550°C common Gorsuch, 1959 
Cu Cu(N03)2, S042" and Cl not volatilised at 500°C Bock, 1979 
ashing temperatures of 500-550°C common Feldman, 1967 
Zn loss observed by volatilisation of Cl, Hamilton, 1967 
ashing temperatures of 500-550°C common 
Mo no volatilisation observed at 500-550°C Kometani, 1972 
Cd CI volatile at >500°C, S042- and NO3 stable Bock, 1979 
to 500°C, although loss in some botanical 
matrices at 450°C 
Sb silica vessels and ashing temperatures of 550°C Gorsuch, 1959 
produce little loss 
Pb PbSO4 and NO3 not volatilised at 500°C Kometani, 1972 
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2.3.3 Microwave digestion 
The benefit of microwave digestion arises from the fact that mineral acids 
digest materials more effectively at elevated temperatures and pressures [Jackwerth 
and Comiscek, 19841. Microwave digestion involves direct absorption of energy by 
the material to be heated. The use of microwave energy for wet ashing was first 
investigated in the mid 1970's IAbu-Samra, 19751. Although the early users 
investigated a wide range of samples matrices including botanical lKingston and 
Jassie, 19861; soils Papp and Fischer, 19871 and sediments (Mahan et at, 19871, 
the digestion was primarily performed using open vessel microwave digestion. 
Problems encountered with open vessel digestion involves the risk of 
environmental contamination in addition to mechanical, or more importantly volatile 
loss of the analytes. Open vessel digestion also limits the maximum sample temperature 
to the boiling points of digestion acids at atmospheric pressure. 
Microwave energy is electromagnetic and the radiation is non-ionising causing 
molecular motion by ion migration and rotation of dipoles, whilst not causing change 
in molecular structure [Aktins, 19921. Microwave energy has a frequency range from 
300 to 300,000 MHz (See Figure 2.3.3) with the common frequency used in 
commercial microwaves being 2450 MHz ICEM Users manual, 19961. 
Visible 
X- flays Ultraviolet Infrared Microwaves Radiowaves 
10-1" 10-9 lo " 10-1 1() -1' 10-1 10-4 10-3 10-2 10-' 1 
W avelength (metres) 
3*1012 3 *1010 3* 108 3* 10' 3*104 3*102 
Frequency (MHz) 
-4 ------------- tee - -------- Molecular Molecular 
vibrations rotations 
Fig 2.3.3 The electromagnetic spectrum (Kingston and Jassie, 19881 
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2.3.3.1 Dielectric loss 
As microwave energy penetrates a sample the energy absorbed is rate 
dependant upon the dissipation factor [Mudgett, 19861. The microwave energy is 
quickly absorbed and dissipated as the microwaves pass through the sample. The 
greater the dissipation factor of a sample the less the penetration of the microwave 
energy. In general microwave energy is lost to the sample (i. e. heated) by two 
mechanisms; (i) ionic conduction and (ii) dipole rotation [Neas et aL, 19881. 
Ionic conduction: conductive migration of dissolved ions in an applied 
electromagnetic field is termed ionic conduction. This conduction is a flow of current 
that results in heat production due to resistance in ion flow [Decareau, 1985]. 
Dipole rotation: molecules that exhibit alignment either with a permanent or induced 
dipole moment in an electric field have a dipole rotation. As the electric field of the 
microwave energy increases, alignment of the polarised molecules occur. Figure 
2.3.3.1 (a) shows alignment of polarised water molecules within an electromagnetic 
field [Atkins, 1992]. Similarly as the field decreases thermally induced disorder is 
restored as illustrated in Figure 2.3.3.1 (b). 
+ <: 
«: 
+ + 
Fig 2.3.3.1 (a) Polarised molecules in an electromagnetic field 
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Fig 2.3.3.1 (b) Thermally induced disorder in the absence of an electromagnetic 
field [Kingston and Jassie, 19881 
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The applied field causes the molecules to spend slightly more time in one orientation, 
thus disorder is imposed and subsequently a small amount of energy. As the field is 
removed thermal agitation restores the molecules to a disordered state and the energy 
is released. At a typical microwave frequency of 2450 MHz the alignment of molecules 
and their return to disorder occurs 4.9*109 times per second and results in very rapid 
heating. Time required to heat a sample is dependant upon sample size in addition to 
the dielectric properties of the sample. 
2.3.3.2 Sample size 
In general, the larger a sample's dissipation factor (at a particular frequency) 
the less it is penetrated by microwave energy. In large samples with high dissipation 
factors, the heating that is observed beyond the penetration depth of the microwave 
energy is due primarily to conductance through molecular collisions. However, a small 
sample size will absorb comparatively less microwave energy than a larger sample, and 
thus considerable amount of energy is unabsorbed (reflected) [Neas et aA, 1988]. 
Kingston and Jassie (1986) revealed the percentage of microwave power absorbed was 
dependant on sample size. 
2.3.3.3 Microwave heating 
Open vessel digestion using conductive heating usually requires at least 3-4 hrs. 
In contrast, microwave digestion can be completed in 20-30 minutes depending on 
matrix [Nadkarni, 19841. During conductive heating vaporisation at the surface of the 
liquid occurs and a thermal gradient is established via convection currents. 
Consequently, only a small percentage of the sample solution is above the boiling point 
of the digestion acid as illustrated Figure 2.3.3.3. 
However, microwave energy heats all of the sample simultaneously allowing 
the solution to reach boiling point faster and often leads to localised superheating as 
illustrated in Figure 2.3.3.3. The speed at which a sample is heated by microwave 
energy is governed by three properties of the digestion acid namely, conductivity, 
dielectric relaxation time and volume [Neas et aA, 19881. 
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Sample and acid mixture 
-=C anmrncsto ___ 
----- CUrFeA re- - ------------ Vessel wall 
--------------------------- 
CONDUCTIVE HEAT 
Sample and acid mixture 
absorbs microwave energy 
=_- flý- __= Vessel wall transparent --- Ea 11 -j to microwave energy 
.', 
MICROWAVE HEATING 
Fig 2.3.3.3 Schematic of sample heating by conduction (above) and by 
microwave energy (below) 
2.3.3.4 Instrumentation 
Commercial microwave digestion units used for sample preparation consist of 
seven fundamental parts; (i) the magnetron (microwave generator); (ii) the wave guide; 
(iii) the microwave cavity; (iv) the mode stirrer; (v) the circulator; (vi) the turntable 
and (vii) digestion vessels. 
Microwave energy produced by the magnetron is propagated down the wave 
guide and injected into the microwave cavity where the mode stirrer distributes the 
incoming energy in various directions. Microwaves subsequently enter the cavity, are 
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reflected from the walls and pass through the samples. The pathways of the 
microwaves are in a well defined pattern and the sample absorbs microwave energy 
until no energy remains in a given wave. 
Turntable: when two vessels are placed within the microwave cavity they may receive 
different levels of exposure. One vessel may be in a position of reinforcement 
(constructive microwaves) and another in a position of partial cancellation (destructive 
microwaves) and therefore a turntable is needed in order to eliminate any non- 
uniformity of heating that may occur. 
Digestion vessels: should be constructed from `low-loss' materials that are transparent 
to microwaves and have a high degree of chemical and thermal stability. Teflon PTFE 
(poly tetrafluoroethylene) is an ideal material for most acid dissolutions being resistant 
to all acids and having a melting point of 306°C. Teflon PFA is the preferred material 
for the construction of vessels used within the MDS 2000® and MARS-5® digestion 
systems supplied by the CEMV' corporation used within this study. 
2.3.3.5 Sample preparation and methodology 
An understanding of the processes that occur during microwave digestion in 
addition to temperature and pressure measurement can enable the optimum procedures 
to be achieved for a given sample matrix. This section will review power measurements 
in addition to acid and their mixtures under microwave heating. 
Decomposition conditions are experimentally reproducible and if the applied 
power is known then the temperature and pressure can be predicted [Kingston and 
Jassie, 1988]. Studies on microwave power absorption indicates that dilute acids 
absorb power more strongly than concentrated acids and small samples become hotter 
at the same microwave output and exposure time [Kingston and Jassie, 1988]. A 
review of acids and their mixtures in relation to digestion efficiency, sample matrix 
requirements and possible analytical interferences using ICP-MS can be seen in section 
2.3.2. When microwave energy is used with closed vessel digestion other properties of 
the acid, such as, microwave transparency, stability and vapour pressure must be 
evaluated. 
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Open vessel digestion using nitric acid can be time consuming due to its low boiling 
point of 120°C. However, nitric acid behaves ideally under microwave energy and in a 
closed vessel system can reach 176°C at five atmospheres pressure [Jackwerth and 
Comiseek, 19841. This elevated temperature increases oxidising potential and reaction 
rates are faster. Hydrochloric acid under high temperatures and pressures can 
decompose into Cl2 gas and subsequently increase pressure within the closed vessel 
system. Hydrofluoric acid (HF) has a high vapour pressure. HF is easily volatilised and 
can reach eight atmospheres pressure in closed vessels at 180°C. 
Aqua regia (AR): within a closed vessel, temperatures of over 180 °C and seven 
atmospheres can be successfully obtained as shown by the temperature-pressure curves 
reported within this study for 5 cm' of AR using the MARS-5` system in Figure 
2.3.3.5 (a). Studies undertaken by Kingston and Jassie (1988) have shown that the 
temperature and pressure curves are independent of the sample matrix. The conditions 
within the vessels can therefore be predicted with a high degree of confidence and thus 
enable optimum sample dissolution conditions to be obtained. Kingston and Jassie 
(1988) have also shown that the temperature versus pressure curve of AR is not 
retracted on cooling confirming there is gas formation by the mixture [Kingston and 
Jassie, 19881. 
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Fig 2.3.3.5 (a) Temperature pressure curve for 5 mis of aqua regia 
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0369 12 15 
Nitric-Hydrofluoric acid: the temperature and pressure profiles of 1: 1 (v\v) 
HF: HNO3 is similar to either HNO3 or HF alone. Further studies undertaken by 
Kingston et al. (1986) has shown that the acids do not interact to produce 
decomposition products as shown from the retracted cooling and heating curves 
(Kingston and . lassie, 1988J. Temperature-pressure curves reported within this study 
Ihr 5 cm; of HN03: HF using the MARS-5" system can be seen in Figure 2.3.3.5 (b). 
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Fig 2.3.3.5 (b) Temperature pressure curve for 5 mis of HNO3: HF 
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Microwave digestion sample dissolution methods: many methods have been 
developed for sample matrices. These matrices include botanical [Kingston and 
. lassie, 19861; geological [Totland et aL, 19921; environmental [Nadkarni, 1984 and 
foodstuffs [Gerling, 19861. There remains numerous method variations that include 
differences in mass of material subjected to dissolution; mixtures and volumes of acids 
used; digestion times; and power applied to the digestion vessels. 
Acid digestion of environmental matrices, such as, soils and sediments have 
been studied by Nadkarni (1984) who demonstrated the effectiveness of microwave 
digestion using AR: HF (1: 1 v/v) on various certified reference materials (CRM's). 
Nadkarni (1984) also demonstrated the effectiveness of the acid mixture on botanical 
CRM's that included NIST-1571 Orchard Leaves, 1573 Tomato Leaves and 1575 Pine 
Needles. 
Other authors have described effective microwave digestion procedures for 
sediment CRMs using an acid mixture of iHN03: HC104 INakashima et al., 19881. A 
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comprehensive study undertaken by Kingston and Jassie (1986) described microwave 
digestion using HN03 alone on numerous CRM's including NIST-1566 Oyster Tissue, 
1568 Rice Flour and 1567 Wheat Flour. Using various temperature and pressure 
programs Kingston and Jassie (1986) successfully produced results within the certified 
trace element ranges for each CRM. 
Recently the USEPA (United States Environmental Protection Agency) have 
published standard methods for select matrices [USEPA, 1994]. However, these 
methods are very general and each method is applied to many different matrices 
[USEPA, 1994]. For example, method 3051 can be applied to sediments, soils, sludges 
and oil. A full investigation of microwave digestion procedures for sample matrices 
(that include surface soil, sediment and vegetation) within this study will be undertaken 
within the following section. 
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2.4 Evaluation of Sample Digestion Procedures 
Few recognised digestion procedures are commonly used for environmental 
and botanical samples. An investigation into optimisation of a number of variables, 
including acid mixtures and sample size, has been undertaken for both open vessel 
conventional and closed vessel microwave digestion methods. The aims of the studies 
are three fold, an assessment of; 
(i) the effectiveness of various acid mixtures that include, HNO3, AR, 
HNO3: HF, AR: HF and H202, 
(ii) the optimum mass of sample required for homogeneity, 
(iii) analyte loss by sample handling using the standard method of addition. 
These studies assess highway contaminated environmental and botanical 
matrices and a wide range of certified reference soils, sediments and plant materials. 
The certified reference materials include: National Institute of Standards and 
Technology, Gaithersburg, M. A (NIST), 1571-Orchard Leaves, 1575-Pine Needles; 
International Atomic Energy Agency, Vienna (IAEA) SL1-Lake Sediment and 
National Research Centre for Certified Reference Materials, China (NRCCRM) GBW 
07401 Brown Soil and GBW 07301 Stream Sediment. The study will investigate the 
potential merits of both an open vessel conventional and a closed vessel microwave 
digestion method individually, and then subsequently compare the efficiency of both 
techniques. The sample dissolution extracts will be quantified using the Finnigan MAT 
SOLA ICP-MS using the procedure and isotopes described in section 2.5.5. 
2.4.1 Conventional open vessel wet digestion 
Within this study conventional dissolution was achieved by the use of a 
Gallenkamp water bath and polypropylene digestion vessels as follows; 
(i) sample mass (0.1,0.25 or 0.5 g) weighed directly into polypropylene 
digestion vessels, 
(ii) 10 ml of acid mixture added (HNO3, AR, HNO3: HF or AR: HF), 
(iii) stand for 5 minutes to allow gaseous reaction products to escape, 
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(iv) samples heated in a water bath and evaporated to incipient dryness, 
(v) samples re-dissolved using an 5% (v/v) HN03 solution. 
Acid mixtures: a comprehensive review of various acids and their mixtures can be 
seen in section 2.3.2. A 0.10 ± 0.01 g sub-sample of soil and sediment and a 0.50 ± 
0.01 g sub-sample of vegetative material was subjected to acid dissolution using the 
various acid mixtures listed above. A number of certified reference plant materials were 
investigated including NIST-1571-Orchard Leaves and NIST-1575 Pine Needles. 
Tables 2.4.1 (a) summarises the heavy metal levels found within NIST-1571 Orchard 
Leaves reported in terms of an arithmetic mean, standard deviation and a Student t-test 
value for each acid mixture in relation to the certified values (see Appendix A). An in- 
house motorway contaminated plant material was also investigated and the results are 
summarised in Table 2.4.1 (b). In this case a Paired t-test was utilised to evaluate the 
potential differences between two acid mixtures. 
Table 2.4.1 (b) Comparison of acid mixtures on an in-house reference plant 
material using open vessel conventional digestion 
(mg/kg, dry weight) 
Element HNO3 
ACID MIXTURE 
AR HNO3: HF 
Paired ItIc. 1c values between 
AR: HF HNO3: HF and AR: HF 
V 123±7 251±19 148±6 265±16 13.4 
Cr 16.211.5 34.1±3.0 24.4±2.1 34.8±2.6 8.77 
Mn 212±12 248±13 319±8 320±7 0.18 
Fe 751 ± 20 844 t 18 980 f 34 978 f 38 -0.01 
Co 1.20±0.08 1.58±0.13 2.07±0.05 2.09±0.06 0.44 
Ni 12.0 ± 1.5 18.3 ± 1.6 25.7 f 0.43 25.8 f 0.68 0.34 
Cu 68.2±6.2 92.2±4.5 119±4 119±6 -0.10 
Zn 119±6 134±7 169±6 171±6 0.54 
Mo 6.44±0.31 7.69±0.19 10.1±0.2 10.3±0.4 1.11 
Cd 5.71 t 1.11 5.32 f 0.13 6.94 t 0.06 6.92 f 0.08 -0.02 
Sb 5.81±0.10 6.17±0.14 8.23±0.06 8.23±0.07 -0.13 
Pb 260±10 29.5±12 370±6 369±8 -0.14 
Paired t-test; At the 95 % confidence interval ItIch is 2.31 for 8 degrees of freedom 
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In terms of acid mixtures both botanical CRM's show similar trends. A review 
of the mean and standard deviation for the elements in Orchard Leaves (excluding 
chromium) indicates digestion with HNO3: HF and AR: HF is more effective than either 
HNO3 or AR The results show a statistical difference from the certified value for most 
heavy metals subjected to HNO3 and AR digestion (with the exception of manganese 
and antimony). Manganese has a standard electro-potential of -1.19V relative to 
hydrogen and therefore can be easily displaced from its matrix compounds. In contrast, 
the data for copper (with a standard electro-potential of +0.34V) reveals an ineffective 
removal from matrix components using HNO3 alone (Student t-test value of, -100). 
Values of ItIc8ic (at the 95 % confidence interval) for heavy metals subjected to 
AR: HF digestion show no statistical difference between measured and certified values, 
with the exception of chromium. Published data has revealed that digestion with 
mineral acid mixtures containing HCl can be subject to polyatomic interferences from 
the Ct ion [Jarvis et aA, 19921. Within this study the measured isotope 52Cr has a 
potential polyatomic interference in the form of 35C1160'H and thus may account for 
the increased response of chromium using AR: HF and AR. For a description of 
polyatomic interferences refer to section 2.5.4.1. 
Published studies also identify 35C1160 on 5'V as a potential polyatomic 
interference. For the botanical CRM's studied no certified values for vanadium are 
available and consequently the interference can not be quantified. Removal of the 
residual Cl ions after digestion with AR: HF can be achieved by repeated evaporations 
to dryness using HN03. However, this is accompanied by a loss of volatile elements, 
such as cobalt, and therefore has limitations in this study. 
A motorway related in-house material was also investigated using the various 
acid mixtures. Statistical evaluation for this material involved Paired t-tests in order to 
highlight differences between acid mixtures and is unlike the evaluation for the CRM's, 
whereby deviations from a single certified value were investigated. A review of the 
data in Table 2.4.1 (b) supports the conclusion that AR and HN03 are ineffective 
digestion reagents for botanical materials. Paired t-test values may provide proof there 
is no statistical difference between the digestion efficiencies of HNO3: HF and AR: HF, 
except in the cases of vanadium and chromium (where polyatomic interferences may be 
enhancing the signal ion count response). 
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For all botanical materials studied digestion efficiency increases along the 
order; HNO3 < AR < HN03: HF = AR: HF. However, problems with vanadium and 
chromium determinations have been found with AR and AR: HF. The heavy metal data 
for digestion with HN03: HF show no statistical difference between measured and 
certified levels in botanical CRM's. Furthermore, HNO3: HF is not hindered by 
polyatomic interferences for isotopes of vanadium and chromium and therefore will be 
used throughout this study. 
Soils and sediments are similar and will be discussed together. A number of certified 
reference materials were investigated including IAEA-SL1 Lake Sediment and GBW- 
07401 Brown Soil. Results for these materials are summarised in Tables 2.4.1 (c) and 
2.4.1 (d), respectively. All CRM's show similar trends with respect to digestion 
efficiencies, that increases along the order; HNO3 > AR > HNO3: HF > AR: HF. 
Furthermore, a statistical evaluation using a Student t-test at the 95 % confidence 
interval where It! crtt is 2.78 (4 degrees of freedom) reveals that there is a statistical 
difference between the measured and the certified values for HN03, AR and HNO3: HF 
and indicate these acids are ineffective for dissolution of soils and sediments. 
Nitric acid alone is an ineffective reagent for sample dissolution of matrices 
containing high organic or siliceous components. Moreover, the nitrate ion is a weak 
complexing ion and a number of metals are reported to undergo hydrolysis and 
subsequently precipitate out of solution. The ineffectiveness of the acid is supported in 
the data that show the highest Student t-test values (9-116, i. e. greatest difference with 
respect to certified reference values ). 
Aqua regia is an effective acid mixture for the liberation of heavy metals from 
organic matrices and sulphides due primarily to the oxidising properties of nitrosyl 
chloride and chlorine. However, AR possesses no properties that allow siliceous- 
retained heavy metals to be attacked. The ineffectiveness of AR to liberate heavy 
metals of interest from siliceous components is highlighted by Student t-test values of 
between 5 and 49. An anomaly exists in this data concerning chromium in IAEA-SL1 
Lake Sediment, whereby a Student t-test value of -0.75 was calculated. The increase in 
apparent analyte concentration is probably due to an enhancement of ion count 
response by the polyatomic interference 35C1160H on 52Cr and not by superior digestion 
efficiency of this element. 
97 
. -. 
04 
3 
on 
I 
0 
ti 
oa 
b 
t 
3 
0 
0 
bA 
ti 
O 
5 
O 
O 
n 
O 
C7 
Q 
O 
b 
U 
cý 
4-4 
O 
r. 
O 
.4 I 
O 
U 
U 
u 
N 
N 
fý 
ýpC 
z 
IA 
IT 
Ö 
1O 10 
Ný 
tEI 
C) 
c 
00 -4 vý 
- C> N N 
-4 
1-4 
ýO 
C) 
Cr 
--4 
C-4 
M 
'IT 
oo Ö CA 
lolls a 
U N 
Ö 
[- 
Ö 
O 
Ö 
11-1 
Oi 
%-.., 
lý 
O Ö 
1 -1 M 
Oi 
Ö 
O 
O 
Io-, M 
Oi 
tn 
l- 
O 
N... " 
Ö 
O 
ER" 
N 
I. Iol 
O N O to N N O - O W) 
9 
Mý 
-H 
O 
1 
f'1 
ii 
' 
- 
C) 
- 
Ö 
-H 
t- 
vi 
Ö 
-H 
M 
- 
O 
-H 
ýO 
N 
O 
-H 
C1 
N 
2 
. 41 
O 
00 
Ö 
-H 
Oý 
M 
- 
Ö 
-H 
d- 
M 
-t 
Ö 
-H 
lý 
00 
Ö 
M 
1 
O 
rn 
ý n a) n 1- n 00 
ý 
'tt 
ý n rý N n rý N ý i-. ä 00 
N 
S 
r- 
.4 
I 
%, 6 N 
i 
6 
ý--ý I 
Cý 
00 
I 
\O 
I 
N 
I 
14 . -+ S 
N 
M 't 
N 
\O 
N 
M 
O 
b 
so ýt "-+ O M tt --ý . --ý 
- 
O 00 
Cd 
U 
N 
-H 
ýt 
01 
N 
-H 
O 
Oý 
l 
'-" 
-H 
N 
ýO 
. -I 
Ö 
-H 
00 
CIR 
ýt 
-H 
O 
M 
"-, 
-H 
-- 
"--ý 
-H 
v) 
. --ý 
-H 
O 
ýO 
O 
-H 
'T 
. --i 
Ö 
-H 
N 
ct 
Ö 
-H 
KI 
O 
N 
-H 
mt 
Oý 
N 
O 
00 
r N 
-t 
M 
- 
V 
M 
N 
t- 
d 
N 
V 
O 
N 
ti 
--ý 
- 
t 
N 
N 
00 
- 
ýc 
as 
.b 00 00 
"O 
. -4 
N 
N 00 
tn 
't; 
00 
O 
-4 
- 
Ö 
O 
+ 
et 
1-4 
-H 
I'D "0 
'-' 
-H 
1.0 
M 
r-+ 
O 
-H 
1.0 
cM 
Ö 
-H 
Cf) 
G'. 
Ö 
-H 
N 
- 
O 
-H 
O, 
-H 
l- 
*n 
-H 
O 
Ö 
-H 
M 
Ö 
-H 
O 
vi 
-H 
N 
- - 
M 
cn 
-: Z 
N ^ q 
M 
00 
"--ý N 
110 
N 
M 
- 
N - N 
110 
01 
N 
- M 
'. 0 
N V" . -- 
-4 Ö 
O 
ý-+ 
4 
-H 
00 
Vj 
N 
-H 
N 
"--+ 
M 
-H 
O 
~r 
ö 
-H 
W-1 
ö 
-H 
'. C 
Ol 
ö 
-H 
O 
p 
ö 
-H 
. --ý l- 
° 
.H 
p 
ö 
-H 
t- 
ö 
-H 
000 
ö 
-H 
Itt 
Vi 
-H 
vl In - M IN - N v) Ö N Ö \O 
W > Ü rý 
0 Z Ü N 
O 
. Ü 0 ä 
98 
0 
a) on 
3 
aý 
bA 
4-ý 
b 
N 
a3 
F- 
ýC 
A 
0-4 U 
7 1O 
C> t- kn 
- v) OOÖ 
-4 
'tT 
0 kn 
'El 1" -H -H 
06 
ý}{ 
kej Cl C5 C; 
-H -H 
- 
%, D , r. r 00 O1 
M Cl 
UV . 
N-i oM o' mot' Ö (mal NMN 
MN 
n, Ö 00 
ÜN". O Ir o 00 "ý NC C' Ö 
OOOOÖ 
C) cq 
w 
C 
ry 
ON O .4ööö . -" 17, OÖMN ÖÖÖ vi 00 
O, ý MNM 00 M Oý 00 '1T ýO IC N C14 M 
"O 
N4MN 
r- Öi 
Cl 
. -- 
M 
1-1 O 00 NM CN -4 O 00 kn Oý On 
OM wn W c+) 
ýT 10 N l- M tn 01 
i 
ILI 
i 
C> It "T cq lzt 
OM 00 N I'D OOOO 
0OONMOOOM 
-H 
-H -H -H -H -H .H -H 
41 -H -H 
ON HMdM ýt -+ qýt N 
ii in ýN '1 -MNN --ý Ö . --i 
M 
__ o -4 v) N ON O W) O) O\ \O \O V) 00 
u [- C-j 
4 
"-r .ý C`1 
-- 
ÖNN 
-- --ýM-ý C1 
N C-4 
00 
ý -tl 1.0 
N--'. 
O 
ÖO-N 
rn --4 
-H '10 O', -H 
O ^' tr "--i ÖÖO_; 
41 -H o -H -H -H 
-I-I 
. }j -H -H 
-I-I -H 
cd '. -. 4 --ý It 
01 01 N r-+ V1 vl O 
NO ON M-N1 
--4 
OÖÖN 
^N \G ýt N 01 NO ýC --ý 00 00 u vi --ý oÖ NÖ C1 Ö C1 
+, NNN en . -y O\ N-N 
12.1 --il 12.1 1ý11 1201 11,12.1 
O 00 '. p 
en N- O) 00 OÖO ýt 
'. p 
C 
-4 tt "--i ÖÖÖM 
-H 
M 44 -H -H -H -H -H -H -H -H -H O "--* v! v! Cý 00 00 
O 'n 00 -MMV '~ M 
"" N . -+ M-N -4 -4 
ÖÖÖN 
e 1.01 
,5O w>ÜZ cL; 
ÜzÜNä 
99 
HNO3: HF unlike both HNO3 and AR has the capability to destroy silicate 
material and liberate those heavy metals bound within primary and secondary lattice 
structures. However, the statistical evaluation has revealed an ineffective digestion 
with this mixture due predominantly to the absence of strong oxidising ability. AR: HF 
has both the oxidising ability of AR and the ability to remove silica-based components 
by the use of HF. A combination of AR: HF is the only acid mixture that has an 
acceptable digestion efficiency at the 95 % confidence interval. However, for IAEA- 
SL1 Lake Sediment the polyatomic interferences upon 51V and 52Cr are highlighted by 
the Student t-test values of 17.7 and 10.6, respectively. 
A motorway related in-house material subjected to dissolution using these acid 
mixtures showed analogous trends to the certified soils and sediments. Results for this 
in-house material are summarised in Table 2.4.1 (e). Again HN03, AR and HNO3: HF 
prove ineffective for dissolution, with AR: HF suffering from Cl derived polyatomic 
interferences on 51V and to a lesser extent 52Cr. 
Table 2.4.1 (e) Comparison of acid mixtures on an in-house surface soil using 
conventional open vessel digestion (mg/kg, dry weight) 
Element HNO3 
ACID MIXTURE 
AR HN03: HF AR: HF 
V 468±25 557±23 706± 18 737±8 
Cr 182±13 223±13 291±15 355±10 
Mn 2990 ± 90 3740 t 140 4660 ± 140 5120 t 70 
Fe(%) 1.14±0.11 1.73±0.23 2.17±0.14 2.85±0.19 
Ni 390 } 45 147 ± 14 205 ± 13 247± 11 
Cu 96.1±9.0 123±15 153±14 201±12 
Zn 453 t 19 487 ± 18 605 ± 13 706 f 17 
Cd 6.76±0.16 7.59 ± 0.20 9.07 ± 0.25 10.8 ± 0.4 
Sb 4.18±0.10 5.64±0.33 7.03±0.18 7.99±0.12 
Pb 600±37 742±41 980±37 1200± 16 
Published digestion procedures often make use of H202 during HNO3: HF 
digestions in order to destroy all organic material and thus eliminate the need for the 
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use of AR [Bock, 1979]. The certified reference materials IAEA-SL1 Lake Sediment 
and NRCCRM GBW07401 Brown Soil were subjected to this acid/reagent mixture 
(Table 2.4.1 (f)). The use of H202 with HNO3: HF results in a complete and effective 
dissolution. A comparison of Student t-test values (Itlcaic 0-1.41) reveals that there is 
no statistical difference between the measured and certified values for both soils and 
sediments at the 95 % confidence interval. 
The use of various acid mixtures can lead to analyte loss and incomplete 
removal from sample matrix components. The use of HN03 and AR can result in 
incomplete dissolution for both botanical and environmental matrices. Moreover, the 
use of AR will hinder vanadium and chromium determinations. This investigation has 
proved HNO3: HF: H202 is the most suitable acid mixture for the dissolution of soils 
and sediments. 
Sample size: from the papers reviewed there seems to be little importance placed on 
sample size, with only a few authors commenting on sub-sample size. Ward (1990) 
used a 0.1 g sub-sample for heavy metal determinations in both vegetation and surface 
soils. Crump (1980b) and Ogunsola et al. (1994) both used a1g sample for roadside 
surface soil. The effect of sample size on digestion efficiency has been investigated 
using various CRM's for both botanical and environmental sample matrices using 
HN03: HF and HNO3: HF: H202, respectively. 
Sample preparation for each CRM involved dry ashing at 500°C for 24 hrs 
prior to mineral acid dissolution. Results for NIST-1571 Orchard Leaves are 
summarised in Table 2.4.1 (g) and report an arithmetic mean, standard deviation and a 
Student t-test value for each heavy metal and sample size. A review of the Student t- 
test values reveals a statistical difference between measured and certified heavy metal 
levels for the 0.10 f 0.01 g sample size at the 95 % confidence interval, with the 
exception of manganese. 
However, values of ItIcaic for the 0.25 and 0.5 g sample size show no statistical 
difference at the 95 % confidence interval. This data suggests that a sample size of 
0.25 ± 0.01 or 0.5 ± 0.01 g is sufficient for sample homogeneity within botanical 
matrices and an evaluation using Paired t-tests show no statistical difference between 
these two sets of sample masses. 
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Taking one standard deviation of the results as an indication of precision (repeatability) 
[Kateman and Buydens, 1993], an inspection of the data also shows good precision 
with the certified values. A similar investigation using the motorway-related in-house 
material and NIST-1575 Pine Needles has produced similar results. 
Table 2.4.1 (g) The effect of sample mass on trace elemental levels of NIST-1571 
Orchard Leaves using open vessel digestion (mg/kg, dry weight) 
SAMPLE SIZE 
Certified 
Element 0.10 ± 0.01 g (Itlc,,, ) 0.25 f 0.01 g (ItIc,, c) 0.50 t 0.01g (Itkcw, ) value 
v 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Mo 
Cd 
Sb 
Pb 
0.77* :k0.44** (n/a) 
0.89 ± 0.69 (-5.54) 
69.5 ± 21.0 (-2.29) 
240 f 28 (-4.79) 
0.19 ± 0.12 (n/a) 
0.79±0.11(-10.4) 
12.4 ± 4.3 (-0.21) 
16.5 ± 4.1 (-4.64) 
0.19 ± 0.06 (-4.10) 
0.07 ± 0.04 (-2.24) 
1.88±0.21 (-10.9) 
30.8 ± 9.2 (-3.45) 
0.85 f 0.06 (n/a) 
2.59 t 0.13 (-0.17) 
92.6±2.2(1.63) 
302 f8 (0.56) 
0.15 f 0.03 (n/a) 
1.30 t 0.11 (0.00) 
12.5±0.80(1.40) 
24.8 f 2.1 (-0.21) 
0.31 f 0.06 (0.37) 
0.11 f 0.01 (0.00) 
2.88: k 0.18 (-0.25) 
45.1 ± 2.8 (0.08) 
0.87: 10.07 (n/a) 
2.56 f 0.15 (-0.60) 
93.1 f 2.1 (2.24) 
299 f 11 (-0.20) 
0.16: k 0.02 (n/a) 
1.30 f 0.08 (0.00) 
12.0±0.7(0.00) 
24.3 t 1.8 (-0.87) 
0.29: L 0.05 (-0.45) 
0.12 t 0.01 (2.24) 
2.89±0.19(-0.12) 
45.5 f 1.9 (0.59) 
2.6±0.2 
91±4 
300±10 
1.3±0.2 
12±1 
25±3 
0.3±0.1 
0.11±0.01 
2.9±0.3 
45±3 
n/a - not applicable 
* mean 
** standard deviation 
Student t-test; At the 95 % confidence interval ItIcft is 2.78 for n=5 
Results for IAEA-SL1 Lake Sediment are summarised in Table 2.4.1 (h) for each 
heavy metal and sample size. A review of Student t-test values in Table 2.4.1 (h) show 
no statistical difference between measured and certified elemental concentrations for 
the 0.10 ± 0.01 g and 0.25 ± 0.01 g sample size at the 95 % confidence interval. 
Results for these sample masses show a good agreement of precision with the certified 
ranges, typically with an rsd of 7 %. Moreover, comparison of the two sets of data 
using a Paired t-test evaluation shows no statistical difference at the 95 % confidence 
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interval between the two sample masses. Results for NRCCRM GBW07401 Brown 
Soil and the motorway-related in-house material show similar trends to those of IAEA- 
SL1 Lake Sediment. The data on sample mass requirement for mineral acid dissolution 
using conventional methods supports the use of either a 0.10 ± 0.01 or 0.25 ± 0.01 g 
sample mass. 
However, a review of the Student t-test values for the 0.50 ± 0.01 g sample 
mass shows a statistical difference for all elements at the 95 % confidence interval, that 
is, the measured values are consistently lower than the certified values indicating the 
presence of a systematic error. For each sample size, 15 ml of dissolution reagent was 
employed for digestion and the poor accuracy of the results obtained for the 0.50 ± 
0.01 g sample mass may be due in part to insufficient dissolution reagent for this larger 
sample mass. 
Table 2.4.1 (h) The effect of sample mass on trace elemental levels of IAEA -SL1 
Lake Sediment using open vessel digestion (mg/kg, dry weight) 
SAMPLE SIZE 
Certified 
Element 0.10 ± 0.01 g (Itlc, ic) 0.25 ± 0.01 g (ItIc, ) 0.50+ 0.01 g (ItIuc) value 
V 
Cr 
Mn 
Fe (%) 
Co 
Ni 
Cu 
Zn 
Mo 
Cd 
Sb 
Pb 
171* f 9** (0.25) 
104 f5 (0.00) 
3530 f 75 (2.09) 
6.73 f 0.11 (-0.20) 
19.5±1.1(-0.61) 
44.4 ± 4.9 (-0.23) 
30.9 ± 5.6 (0.36) 
226±6(1.12) 
1.31 ± 0.05 (0.45) 
0.25 ± 0.04 (-0.56) 
1.32: 10.09 (0.15) 
37.6 ± 4.2 (-0.05) 
170: E 10 (0.00) 
103 ±6 (-0.37) 
3520 f 88 (1.52) 
6.70 f 0.12 (-0.75) 
19.710.9(-0.75) 
42.4 ± 4.4 (-1.27) 
30.3±4.5(0.15) 
224 ±8 (0.28) 
1.32 f 0.05 (0.89) 
0.25 f 0.05 (-0.45) 
1.30: t 0.08 (-0.78) 
36.6 ± 4.7 (-0.52) 
126±9(-10.9) 
79.7±5.2(-10.5) 
2910 f 160 (-7.69) 
4.96 f 0.16 (-24.9) 
13.8 ± 1.3 (-10.3) 
25.3 ± 2.7 (-4.1) 
18.4 ± 3.6 (-7.20) 
189 t 11 (-6.91) 
1.08 t 0.09 (-5.47) 
0.13 f 0.03 (-9.68) 
1.02 ± 0.09 (-7.20) 
18.6±3.8(-11.2) 
170±15 
104±9 
3460±160 
6.74±0.17 
19.8±1.5 
44.9±8.0 
30.0±5.0 
223±10 
1.3 
0.26±0.05 
1.31±0.12 
37.7±7.4 
n/a - not applicable 
* mean 
** standard deviation 
Student t-test; At the 95 % confidence interval ItIcnt is 2.78 for n=5 
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Method of standard addition: the method of standard addition involves adding a 
defined amount of synthetic elemental solution to a sample and measuring percentage 
recoveries. The method can be used to assess the efficiency of a digestion procedure. 
However, caution is needed as the element added (usually as a nitrate salt) is rarely in a 
similar form to that in the sample. Furthermore, the elemental `spike' is not an integral 
part of the sample and thus is usually extracted or digested more effectively than those 
heavy metals bound into the sample matrix. A combination of both these factors can 
result in an inappropriately high assessment of digestion efficiency. Within this study 
the method of standard addition is more suited for the assessment of analyte loss 
during sample preparation and handling. 
An assessment of the digestion efficiencies has been undertaken using certified 
reference materials similar in nature to those sample matrices under study. The purpose 
of using the method of standard addition in this study is therefore two fold, firstly, to 
confirm results obtained by the CRM's and secondly to assess any analyte loss due to 
sample handling during sample preparation. NIST-1571 Orchard Leaves and 
NRCCRM GBW07401 Brown Soil were subjected to various analyte spikes prior to 
acid dissolution using 1: 1: 1 (v/v) HN03: HF: H202. The spikes were calculated to 
produce approximately a 10 % and a 100 % element increase over the certified values 
for each CRM. The analyte added was in the form of a nitrate standard solution of 
Aristar® grade supplied by BDH (Merck). Percentage recoveries for each heavy metal 
in NIST-1571 Orchard Leaves and NRCCRM GBW07401 Brown Soil are summarised 
in Figures 2.4.1 (a) and 2.4.1 (b), respectively. 
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Fig 2.4.1 (a) Recoveries for GBW07401-Brown Soil using conventional open 
vessel digestion 
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Fig 2.4.1 (b) Recoveries for NIST-1571 Orchard Leaves using conventional open 
vessel digestion 
The percentage recoveries for each heavy metal in each matrix confirms the 
results obtained by the CRM's in relation to digestion efficiency. Recoveries within the 
range of 90-105 % obtained for each heavy metal further confirms minimal analyte loss 
using the digestion procedure. The results are not surprising when one considers the 
relative simplicity of the digestion procedure. 
A review of the data in Figures 2.4.1 (a) and 2.4.1 (b) shows an interesting 
trend, whereby for most elements a higher percentage recovery is observed for the high 
(-100 % over certified level) `spike' relative to the low (-10 % over certified level) 
`spike'. This trend is not uncommon as any loss in analyte will have a more 
pronounced effect on samples lower in analyte concentration (`low spike'). The 
samples analysed within this study have elemental concentration values of equivalent or 
greater than that of the high spikes for both matrices and therefore it can be expected 
any analyte loss will be negligible. 
Summary: an investigation into conventional digestion using mineral acids was critical 
to ensure acceptable levels of accuracy and precision in any subsequent results 
produced within this study. The investigation highlighted many potential sources of 
error including an increase in analyte signal from polyatomic interferences and poor 
accuracy through the use of incorrect sample masses. 
Data produced in relation to the use of various acids and acid mixtures showed 
that 1: 1 (v/v) HN03: HF is the most effective dissolution reagent for botanical matrices. 
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For soils and sediments a 1: 1: 1 (v/v) HNO3: HF: H202 acid/reagent mixture proved to 
be as effective as AR: HF but did not suffer from polyatomic interferences (51V and 
52Cr - from direct combination of Cl and 0 in the plasma). 
In terms of sample mass required for analysis, the results obtained are 
conclusive. For botanical matrices, a 0.10 ± 0.01 g sample mass is inadequate at 
producing a representative sample size, whereas the 0.25 ± 0.01 and 0.50 ± 0.01 g 
sample sizes show no statistical difference between the measured values and certified 
reference values at the 95 % confidence interval. For soils and sediments, the data 
revealed either a 0.10 f 0.01 or a 0.25 ± 0.01 g sample mass produced no statistical 
difference with the certified values at the 95 % confidence interval. 
2.4.2 Closed vessel microwave digestion 
Only recently have closed vessel microwave digestion procedures been 
routinely used for dissolution of many materials. The USEPA has developed a few 
standard digestion procedures for soil, sediments, sludges and oil (3051) and waters 
(3015) [USEPA, 1994]. These methods are general and need modification for this 
study as illustrated below in Table 2.4.2 (a). Many microwave digestion procedures 
have been used for surface soils, sediments and plant matrices but not in relation to 
highway pollution. A MDS-2000 (Microwave Digestion System) and a MARS-5 
(Microwave Accelerated Reaction System) both supplied by CEM® Corporation were 
used in this study. Section 2.5.4 provides a full description of the instrumentation 
implemented. The procedure used for both botanical and environmental sample 
matrices was a follows; 
(i) sample mass (0.10,0.25 or 0.50 g) weighed directly into a teflon 
digestion vessel, 
(ii) 10 mis of acid mixture added (HNO3, AR, HNO3: HF or AR: HF), 
(iii) allowed to stand for 5 minutes to allow gaseous reaction products to 
escape, 
(iv) vessels closed, rupture membranes fitted, pressure line and quartz 
temperature probe fitted, carousel assembled and loaded into microwave 
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cavity, 
(v) run procedure started (see Table 2.4.2 (a) for full description), 
(vi) vessels allowed to cool to room temperature and pressure (if no gaseous 
products produced) after run procedure, 
(vii) sample digest transferred to polypropylene digestion vessels and allow to 
evaporate to incipient dryness, 
(viii) sample re-dissolved using an 5% (v/v) HNO3 (Aristar®) solution. 
Using the above procedure in conjunction with the USEPA 3051 standard method 
proved insufficient for dissolution of some samples (through visual inspection of 
digestion solution after microwave treatment). The final step in the USEPA procedure 
is comparatively short and an increase in digestion time proved effective in dissolution 
of those problem samples. Table 2.4.2 (a) shows a comparison between the USEPA 
3051 procedure and the modified procedure used in this study. 
Table 2.4.2 (a) Comparison of procedure developed with the USEPA 3051 method 
Parameters USEPA 3051 method Developed method 
% power 100 100 
Pressure (P. S. I) 70 100 
Time (min) 10 25 
TAP 4 15 
Temperature (°C) 175 180 
TAP = Time at parameter 
Acid mixtures: in an analogous manner to open vessel conventional digestion HNO3, 
AR, HNO3: HF and AR: HF have been assessed in terms of digestion efficiency;. A 0.10 
± 0.01 g sub-sample of soil and sediment and a 0.25 f 0.01 g sub-sample of botanical 
material was subjected to acid dissolution using the microwave digestion procedure 
described above. A number of botanical CRM's and an in-house botanical material 
were studied using closed vessel microwave digestion. Results for NIST-1571 Orchard 
Leaves are summarised in Table 2.4.2 (b). 
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2.4.2 (b) Comparison of acid mixtures on NIST-1571 Orchard Leaves using closed 
vessel microwave digestion (mg/kg, dry weight) 
ACID MIXTURE Certified 
Element HNO3 AR HN03: HF AR: HF values 
mean ± s. d (Itlc,, c) mean ± s. d (Itlc ic) mean ± s. d (Itlc,, c) mean ± s. d (Itlc i) 
V 0.85: t 0.05 (n/a) 3.09 ± 0.16 (n/a) 0.84: L 0.04 (n/a) 3.40 ± 0.32 (n/a) 
Cr 2.29 f 0.12 (-5.78) 3.07 f 0.12 (8.76) 2.56±0.13(-O. 69) 3.15 f 0.11 (11.2) 2.6±0.2 
Mn 89.8 ± 2.1(-1.28) 89.3 ± 2.4 (-1.58) 92.4 ± 2.3 (1.36) 91.8 ± 2.6 (0.69) 91±4 
Fe 274: k 13 (-4.47) 297 ± 11 (-0.61) 307 f 11 (1.42) 303 ± 15 (0.45) 300±10 
Co 0.11 t 0.02 (n/a) 0.11 f 0.01 (n/a) 0.14 ± 0.02 (n/a) 0.14 ± 0.03 (n/a) ---- 
Ni 1.04: E 0.09 (-6.46) 1.16 ± 0.08 (-3.91) 1.30: k 0.08 (0.00) 1.32 ± 0.07 (0.64) 1.3±0.2 
Cu 9.41±0.21(-27.6) 10.4 ± 0.5 (-7.16) 12.3±0.6(1.12) 12.1 ± 0.7 (0.32) 12±1 
Zn 23.1 t 0.9 (-4.72) 23.5 ± 0.9 (-3.73) 25.5 f 1.4 (0.80) 25.9: L 1.7 (1.18) 25±3 
Mo 0.2610.02 (-4.47) 0.27 f 0.02 (-3.35) 0.31 ± 0.04 (0.56) 0.32 ± 0.03 (1.49) 0.3±0.1 
Cd 0.09 ± 0.01 (-4.47) 0.09 ± 0.01 (-4.47) 0.12: k 0.01 (2.24) 0.12 ± 0.01 (2.24) 0.1±0.01 
Sb 2.78 ± 0.04 (-6.71) 2.89: L 0.08 (-0.28) 3.1 ± 0.1 (1.68) 3.06 ± 0.11 (1.83) 2.9±0.3 
Pb 32.5 ± 1.9 (-14.7) 36.9 ± 2.4 (-7.75) 45.5 ± 2.1 (0.45) 44.9 ± 3.1 (-0.07) 45±3 
n/a - not applicable 
Student t-test; At the 95 % confidence interval ItIc,;, is 2.78 for n=5 
The table shows from 5 determinations an arithmetic mean, standard deviation and a 
Student t-test value (from a comparison between the measured and certified values) for 
each heavy metal and acid mixture. Results for microwave digested NIST-1571 
Orchard Leaves shows similar trends to those obtained using conventional open vessel 
digestion. A comparison of the mean for each acid mixture shows that digestion 
efficiency decreases along the series AR: HF = HNO3: HF > AR > HNO3. The Student 
t-tests at the 95 % confidence interval show a statistical difference from the certified 
values for all heavy metals subjected to HNO3 and AR. However, similar to open 
vessel digestion results, the values for manganese and antimony are exceptions 
(possibly due to their relative standard electro-potentials). For each heavy metal, 
microwave digestion shows a greater precision than the corresponding open vessel 
digestion procedure using one standard deviation of the data as an indication of 
precision [Kateman and Buydens, 19931. 
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Although the results obtained for microwave digestion using HN03 and AR 
show a statistical difference at the 95 % confidence interval with the certified values, 
an inspection of the results reveals a superior digestion efficiency (in comparison to 
open vessel digestion). This observation may be attributed to the higher temperatures 
and pressures achieved by acid mixtures heated in a closed vessel system. For example, 
during the open vessel procedure used the acid mixtures were at best limited to the 
boiling point of water (water bath heating) and atmospheric pressure. Within the 
microwave digestion unit an optimum temperature and pressure of 200°C and 203 
p. s. i. were recorded for digestion with 1N03. For AR the pressure obtained during 
digestion was particularly high (280 p. s. i. ) due to the production of NOCI and 
subsequently C12. 
Student t-test values of Iticaic for heavy metals subjected to HNO3: HF and 
AR: HF microwave digestion show no statistical difference between the measured and 
certified values, with the exception of chromium. The poor accuracy of chromium 
levels during AR: HF digestion is probably due to a polyatomic interference of 
35C11601H on 52 Cr. A comparison of precision levels between the measured and 
certified values for heavy metals subjected to both HNO3: HF and AR: HF show good 
agreement with typical rsd (relative standard deviations) values of 3-7 %. Furthermore, 
higher precisions are obtained for heavy metals subjected to microwave digestion than 
those corresponding to open vessel digestions. The MARS-5 used in this study uses an 
infrared sensor (TempGuard TM) to monitor the exact temperature of each vessel and 
allows precise reproducible conditions. In contrast, the open vessel digestion method 
uses a water bath that may be subject to localised water temperature changes. 
Although NIST-1571 Orchard Leaves has been solely discussed, all other botanical 
CRM's, in-house materials and samples investigated showed analogous trends as 
described for the above CRM. In summary, HNO3: HF is the most appropriate acid 
mixture for the digestion of botanical matrices in this study. 
Tables 2.4.2 (c) and 2.4.2 (d) summarise the results obtained for IAEA-SL1 Lake 
Sediment and NRCCRM GBW 07401 Brown Soil for microwave digestion using 
various acid mixtures. Table 2.4.2 (c) shows digestion efficiency increases along the 
series; HNO3 > AR > HNO3: HF = AR: HF. Evaluation using Student t-test values 
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indicates a statistical difference between the measured and certified values for HNO3 
and AR, but no statistical difference for HN03: HF or AR: HF (except V and Cr) at the 
95 % confidence interval. 
The use of HF within the HN03: HF and AR: HF acid mixtures allow siliceous 
material to be destroyed and results in full digestion. Student t-test values of ItIcaic for 
both acid mixtures show no statistical difference from the certified values at the 95 % 
confidence interval (with the exception of vanadium and chromium in AR: HF 
digestions). In contrast to open vessel digestion, the use of HNO3: HF is an effective 
dissolution reagent for soils and sediments using microwave digestion and eliminates 
the need for addition of H202. A few published studies have also assessed the use of 
microwave digestion using CRM's that include IAEA SL1-Lake Sediment [Nadkarni, 
19841. Table 2.4.2 (e) summarises a comparison of the results (using AR: HF) obtained 
for this study with those in the published literature using microwave technology for 
IAEA SL 1-Lake Sediment. 
Table 2.4.2 (e) Comparison of published and experimentally determined results for 
IAEA SLl - Lake Sediment (mg/kg, dry weight) 
Elements Experimental values Published values** Certified values 
V 252*±12 166±9 170±15 
Cr 123±6 82±6 104±9 
Mn 3500 ± 80 3900 ±200 3460 ± 160 
Fe(%) 6.70±0.10 6.36±0.39 6.74±0.17 
Cu 31.4±3.5 44±6 30.0±5.0 
Zn 223 ±8 251 ± 15 223 ± 10 
Pb 38.9 ± 3.4 40.3 ± 3.8 37.7 ± 7.4 
* n=5 
**[Nadkarni, 19841 
Nadkarni (1984) used an AR: HF acid mixture and therefore comparison with 
my study reveals polyatomic interferences on vanadium and chromium. The 
instrumentation used by Nadkarni (ICP-OES - Inductively coupled plasma optical 
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emission spectrometry) does not experience polyatomic interferences and therefore the 
results for vanadium and chromium have superior accuracy. All other heavy metals 
studied have better accuracy (mean) and precision (standard deviation) than those 
obtained by Nadkarni (1984). 
Higher temperatures and pressures obtained during closed vessel microwave 
digestions eliminate the need for the addition of H202 in digestion of soils and 
sediments. Consequently, HNO3: HF is the most effective acid mixture for both 
botanical and environmental matrices. 
Sample size: published studies using closed vessel microwave digestion for the 
determination of heavy metals show little consistency in mass of sample used. From the 
papers reviewed only a few authors comment on sample size. Nadkarni (1984) used a 
0.20 g sample mass for determinations within botanical, environmental and geological 
matrices. Nakashima et al. (1988) used a 0.25 g sample mass in assessment of 
biological and sediment samples, whereas both Totland et al. (1992) and Papp and 
Fischer (1987) used a 0.50 g sample mass for geological and environmental samples, 
respectively. Sample mass can play a major role in heating a sample within a 
microwave field. Microwave energy has a finite penetration depth dependent on a 
sample's dissipation factor (refer to section 2.3.4). 
Table 2.4.2 (f) summarises results obtained for NIST-1571 Orchard Leaves for 
each heavy metal and sample mass. Student t-test values of ItIca'c for the 0.10 ± 0.01 g 
sample mass shows a statistical difference between the measured and certified values at 
the 95 % confidence interval (with the exception of copper). This result coupled with 
the poor precision (calculated from one standard deviation from the mean value) 
indicate heterogeneity within a 0.10 f 0.01 g sample mass. Data produced for both the 
0.25 ± 0.01 and 0.50 ± 0.01 g sample masses show no statistical difference at the 95 % 
confidence interval. A good agreement of precision with the certified values may 
further indicate a homogenous sample for both cases. A statistical evaluation using a 
Paired t-test between results obtained for the 0.25 f 0.01 and 0.50 f 0.01 g sample 
masses shows no statistical difference between the two sets of data. Results obtained 
for closed vessel microwave digestion are similar to those trends seen with open vessel 
conventional digestion. Similar investigations using other CRM's showed an analogous 
114 
trend thus confirming a sample mass of either 0.25 ± 0.01 or 0.50 ± 0.01 g is sufficient 
to produce a representative test sample. 
Table 2.4.2 (f) The effect of sample mass on trace elemental levels of NIST-1571 
Orchard Leaves using microwave digestion (mg/kg, dry weight) 
SAMPLE SIZE Certified 
Element 0.10 ± 0.01 g (ltlcv, ) 0.25 ± 0.01 g (ItIcw. ) 0.50 t O. Olg (ltlcd0) value 
v 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Mo 
Cd 
Sb 
Pb 
0.82** ± 0.49* (n/a) 
0.87±0.33 (-11.7) 
65.6 ± 26.1(-2.18) 
141 ± 41 (-8.67) 
0.11 ± 0.05 (n/a) 
0.93 f 0.22 (-3.76) 
9.56 f 4.43 (-1.23) 
16.0±3.9(-5.16) 
0.19 f 0.06 (-4.10) 
0.06 f 0.02 (-5.59) 
2.04±0.15(-12.8) 
214.1 f 5.3 (-8.82) 
0.85: k 0.07 (n/a) 
2.61 f 0.08 (0.28) 
90.6: E 3.0 (-0.30) 
302 ±9 (0.50) 
0.16 f 0.02 (n/a) 
1.34 ± 0.07 (1.28) 
11.9 ± 1.0 (-0.22) 
25.2 f 2.1 (-0.21) 
0.32 f 0.05 (0.89) 
0.11 f 0.01 (0.00) 
2.86 t 0.11 (-0.81) 
45.9±2.0(1.01) 
0.87 ± 0.07 (n/a) 
2.62 f 0.10 (-0.45) 
90.6 ± 3.4 (-0.26) 
302: b 6 (0.75) 
0.17 ± 0.02 (n/a) 
1.32 f 0.10 (0.47) 
11.8 ± 0.9 (0.50) 
25.3 f 2.0 (0.34) 
0.31±0.04(0.56) 
0.12 f 0.01 (2.24) 
2.92 f 0.13 (0.34) 
45.8 f 2.1 (0.85) 
2.6±0.2 
91±4 
300±10 
1.3±0.2 
12±1 
25±3 
0.3±0.1 
0.11±0.01 
2.9±0.3 
45±3 
n/a - not applicable 
* mean 
** standard deviation 
Student t-test; At the 95 % confidence interval Itick is 2.78 for n=5 
Table 2.4.2 (g) summarises the data for IAEA SL1 Lake Sediment. Student t-test 
values of jtjc.,, iý for the 0.10 f 0.01 and the 0.25 ± 0.01 g sample masses show no 
statistical difference at the 95 % confidence interval between measured and certified 
values. Furthermore, a Paired t-test evaluation shows no statistical difference between 
the two sets of data for all elements at the 95 % confidence interval. The precision of 
the results (calculated from one standard deviation of the mean) compares favourably 
with the certified values. Either sample mass can therefore be used for soils and 
sediments within this study. Similar investigations using other CRM's showed an 
analogous trend confirming a sample mass of either 0.1 ± 0.01 or 0.25 ± 0.01 g is 
sufficient to produce a representative test sample. A review of the Student t-test values 
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for the 0.50 ± 0.01 g sample mass shows a statistical difference in comparison with the 
certified values (at the 95 % confidence interval), probably due to insufficient digestion 
acid (see section 2.4.1). 
Table 2.4.2 (g) The effect of sample mass on trace elemental levels of IAEA-SL1 
Lake Sediment using microwave digestion (mg/kg, dry weight) 
Element 0.10 ± 0.01 g (Itbcj, ) 
SAMPLE SIZE 
0.25 f 0.01 g (ItIcw, ) 0.50 ± 0.01g (It! cw, ) 
Certified 
value 
V 175* ± 8** (1.40) 171 f 10 (0.20) 146 f8 (-6.71) 170±15 
Cr 103 ±6 (-0.37) 104: k 5 (0.00) 87.3 f 6.1 (-6.12) 104±9 
Mn 3460 f 120 (0.00) 3500 f 90 (0.99) 3230 f 145 (-3.55) 3460±160 
Fe (%) 6.73 f 0.10 (-0.22) 6.76 f 0.07 (0.64) 6.07 f 0.09 (-16.6) 6.74±0.17 
Co 20.0 ± 1.0 (0.45) 20.0 ± 1.3 (0.34) 15.5 ± 1.3 (-7.40) 19.8±1.5 
Ni 45.6: L 4.2 (0.37) 44.2: 14.5 (-0.35) 33.7 ± 2.9 (-8.64) 44.918.0 
Cu 30.6 f 3.6 (0.37) 29.6 f 3.3 (-0.27) 19.2 ± 1.7 (-14.2) 30.0±5.0 
Zn 222 t7 (-0.32) 223 f6 (0.00) 200 ± 12 (-4.29) 223±10 
Mo 1.32 ± 0.04 (1.12) 1.31 t 0.05 (0.45) 1.12± 0.07 (-5.75) 1.3 
Cd 0.24 f 0.04 (-1.12) 0.25 f 0.05 (-0.45) 0.18 ± 0.02 (-8.94) 0.26±0.05 
Sb 1.31 ± 0.06 (0.00) 1.31 t 0.06 (0.00) 1.09 ± 0.08 (-6.15) 1.31±0.12 
Pb 36.0: k 5.0 (-0.76) 37.7 f 4.5 (-0.20) 26.0 ± 3.9 (-6.71) 37.7±7.4 
n/a - not applicable 
* mean 
** standard deviation 
Student t-test; At the 95 % confidence interval ItIc is 2.78 for n=5 
Method of standard addition: has been used in this study to assess any sample loss 
due to handling (for a full explanation of the method the reader is referred to section 
2.4.1). NIST-1571 Orchard Leaves and NRCCRM GBW 07401 Brown Soil were 
spiked with analyte solution prior to digestion using HN03: HF. Percentage recoveries 
(90-106 %) were similar to those reported for open vessel conventional digestion. 
Summary: data produced in relation to the use of various acid mixtures has shown 
that efficiency increases along the series HN03 < AR < HN03: HF = AR: HF for both 
botanical and environmental matrices. The use of AR has shown to hinder 
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determinations of both vanadium and chromium. Higher temperatures and pressures 
obtained during closed vessel microwave digestion eliminates the need for addition of 
H202 in the digestion of soils and sediments. Consequently, 1: 1 HNO3: HF is the most 
suitable acid mixture for both matrix types. In terms of sample size, results obtained for 
microwave digestion are similar to those conventional digestion. 
2.4.3 Comparison of conventional open vessel and closed vessel microwave digestion 
Published literature describing advantages of closed vessel microwave digestion 
[Kingston and Jassie, 1988 ; Jackwerth and Gomiscek, 19841 over open vessel 
traditional methods suggest the following areas of superiority. 
(i) Within closed vessel systems, high temperatures (above the boiling point of the 
acid or mixture) and elevated pressures can be obtained and in turn can produce: 
(a) a major increase on the digestion efficiency of problem matrices, 
(b) reduction in digestion times. 
(ii) The loss of volatile elements is virtually eliminated as there is no vapour loss in 
a closed vessel system (especially important for elements such as cadmium). 
(iii) In closed vessel systems the possibility of airborne contamination is eliminated. 
(iv) There is a reduction in the need for complex acid mixtures such as 
HN03: HF: H202 and HNO3: HC1O4. 
In practice the microwave digestion system used in this study had no facility to 
evaporate concentrated acids in-situ and therefore an open vessel acid evaporation step 
was required. In this case the method was subjected to the same potential for airborne 
contamination as conventional methods. From the studies undertaken on digestion, the 
disadvantages of conventional digestion in relation to the points above have been 
tackled in a number of ways. The digestion of soils and sediments using HN03: HF and 
conventional digestion was improved by the addition of H202. The subsequent 
digestion efficiency in relation to microwave digestion was comparable (see Figure 
2.4.3 (b)). Results obtained for conventional digestion for a wide range of CRM's 
suggest minimal volatile loss was reported in soils, sediment and botanical materials. 
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Instantaneous heating from interaction between the microwave energy and the 
digestion acid coupled to fast cooling intervals produce procedures with short 
digestion times using microwave technology. During conventional digestion both the 
heating body (water) and the sample container must increase in temperature in order to 
supply the digestion acid with heat via conventional methods (see section 2.3.4). Using 
conventional heating there is no way to challenge an advantageous short digestion time 
as experienced using microwave energy. 
Acid mixtures: results reported for conventional open vessel and closed vessel 
microwave digestion procedures for botanical and environmental CRM's are 
graphically represented in Figures 2.4.3 (a) and 2.4.3 (b), respectively. 
50 
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  Conventional 
  Microwave 
Q Certified 
Fig 2.4.3 (a) Comparison of conventional and microwave digestion for NIST-1571 
Orchard Leaves using HNO3: HF 
The error bars on the graph represent one standard deviation from each repeat analysis 
(n=5). A comparison of the graphs for both materials reveal little difference between 
conventional open vessel digestion and closed vessel microwave digestion using 
appropriate experimental procedures and dissolution mixtures. A number of other 
CRM's and in-house materials have shown analogous trends. From these studies it can 
be concluded that closed vessel microwave digestion does not offer any advantage in 
terms of digestion efficiency but only in reduced digestion times. 
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Fig 2.4.3 (b) Comparison of open vessel and closed vessel microwave digestion for 
IAEA-SLI Lake Sediment using HNO3: HF: H202 and HNO3: HF, 
respectively 
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2.5 Instrumentation 
This section deals with the potential problems associated with the quantification 
of heavy metals using inductively coupled plasma mass spectrometry. 
2.5.1 Analysis of heavy metals in environmental samples 
Numerous methods and procedures have been implemented for the analysis of 
heavy metals in highway contaminated matrices. Each study can be subdivided into 
instrumentation, matrix studied, analytical parameters (sample collection/preparation, 
calibration and detection limits) and validation. Table 2.5.1 summarises the various 
methods used in a number of studies. From the papers reviewed in Table 2.5.1 a 
number of observations can be drawn. 
Atomic absorption spectrometry (AAS) remains the most common form of 
instrumentation used in the studies. Flame atomic absorption spectrometry (FAAS) has 
been implemented for heavy metal analysis of soil extracts and graphite furnace-atomic 
absorption spectrometry (GF-AAS) has been used for water analysis (due to its lower 
detection limit). ICP spectroscopy has been used in fewer studies, with ICP-OES being 
more common than ICP-MS. Unlike AAS, both ICP-OES and ICP-MS although multi- 
element techniques are expensive and complex to operate. A few authors failed to 
mention the instrumentation used for analysis [Ellis et aA, 1994 ; Yousef et aA, 1990]. 
With the exception of Ward (1990 & 1994) and Crump (1980b) no authors 
have mentioned quality control. No justifications of the results have been mentioned by 
the use of CRM's, spikes or inter-method or laboratory comparisons. However, all the 
authors rigorously examine and conclude their results. Sections 2.2 and 2.4 clearly 
show errors associated with sample collection and preparation. The following sections 
will examine potential errors associated with instrumental analysis. 
2.5.2 Analytical techniques 
Many analytical techniques have been applied to the determination of elements 
in environmental and botanical matrices. The need for multi-element sensitive 
elemental determinations have seen a move from atomic to plasma source methods. 
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The assessment of each method requires the consideration of a number of analytical 
parameters including precision, accuracy, sensitivity, linear dynamic ranges and 
detection limits. A review of the literature shows many analytical instrumental 
techniques have been used for both environmental and botanical matrices. The 
following sections describe the more popular techniques. 
Atomic absorption spectrometry: flame atomic absorption spectrometry (FAAS) is 
the most common atomic absorption technique and relies on the basic principle that 
free atoms of an element will absorb light of characteristic wavelengths. Within a 
certain dynamic range the absorption of radiant energy is proportional to the 
concentration of atoms in the light path in accordance to the Beer-Lambert law 
[Vandecasteele and Block, 1994]. Sample atomisation is obtained by a flame using a 
mixture of fuel (commonly C3H8, C2H2 or C2H2-N20) and oxidant (air or 02). The 
technique is relatively inexpensive with short analysis times and good element 
selectivity. However, AAS is classically a mono-element technique with poor 
sensitivity and has a number of chemical and spectral interferences. 
Atomic emission spectrometry: atomic emission spectrometry is based on the 
electromagnetic emissions from an atom in an excited state, via thermal collisions from 
the atomisation source. The source used to atomise and excite atoms of a sample in 
classical methods include flame, arc or sparks, whereas new radiation sources in the 
form of inductively coupled plasma (ICP), direct current plasma (DCP) and microwave 
induced plasma (MIP) have also been developed. The most common techniques in both 
classes, namely flame atomic emission spectrometry (FAES) and inductively coupled 
plasma optical emission spectrometry (ICP-OES) will be discussed. 
FASS has a good level of detection for many elements (10 µg/1) and offers 
multi-element capabilities, with a linear dynamic range over 4 orders of magnitude. The 
technique suffers from interferences that include emission lines overlapping on bands 
emitted by oxides (spectral interferences) and background emission. FAES has greater 
sensitivity than FAAS (especially at longer wavelengths); however, the nature of the 
interferences make the technique less popular. 
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ICP-OES is based on a similar principle to that of FAES, except the 
atomisation source is a inductively coupled plasma. Chemical interferences and matrix 
effects in ICP-OES are less severe than FAES. The high temperature plasma can 
produce complex emission spectra and thus spectral interferences from line overlap. 
ICP-OES has a good dynamic range over 5 orders of magnitude for many elements and 
permits the simultaneous determination of several elements. Detection limits are 
comparable with FAAS. 
Instrumental neutron activation analysis (INAA): the basis of activation analysis 
involves the production of a radionuclide from an analyte of interest. The characteristic 
radionuclides produced are used for the identification and quantification of the 
element. INAA is the most common form of activation analysis and usually involves 
irradiation of a sample in a flux of thermal neutrons. An (n, y) reaction takes place 
between these neutrons and the nuclides present in the sample. (n, y) reactions involve 
absorption of a neutron leading to an excited state of the analyte element at mass M+1, 
followed by emission of a photon to produce a stable radionuclide. The decay of a 
radionuclide with time follows the well known exponential equation; 
A= Ae-Xtd 
where Ao is the activity at an initial time, A is the activity after elapsed time td (decay 
time) and X is the characteristic decay constant. 
?. is a function of half life ti,: A, = 0.693/ty, 
it follows; A= Aoe-0.693td/th 
A. is constant and subsequently the observed activity is a function of decay time (td) 
and half life (t%). Half life is the time required for one half of the radioactive material to 
decay. 
In sample quantification, as with many analytical techniques, a comparative 
method is used. The standards are weighed and packed along with the samples of 
similar weight. Both the standards and samples are irradiated in the same physical 
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location within the reactor under the same flux conditions. The relative activities are 
directly proportional to the respective concentration of the parent nuclide. 
After irradiation the samples are left to `cool' for a period of time depending on 
the half lives of the analytes of interest. Half life is important in quantification as 
nuclides with very short lived half lives will decay too rapidly to be effectively 
quantified and conversely, a nuclide with a very long half life will be difficult to 
measure as the disintegrations are too infrequent. The activity of each sample is 
subsequently counted using a y-ray detector. Ge(Li) or more recently high purity HP 
(Ge) semiconductors detectors are used for the determination of the y-ray intensities. 
INAA offers advantages that include non-destructibility (no need for complex 
digestion procedures), multi-element capability and good detection limits. However, a 
number of elements including B, C, N, 0, Si, S, Sn, Ti and Pb cannot be determined by 
INAA. Interfering nuclear reactions can also occur in addition to sources of error from 
overlap of y ray lines and dead time loss. One of the most serious drawbacks of INAA 
in routine analysis is the long turn around times (days-months). 
Inductively coupled plasma mass spectrometry (ICP-MS): essentially ICP-MS uses 
an ICP as an ion source and a mass spectrometer for separation of ions according to 
their m/z (mass/charge) ratio. ICP-MS has many attributes including multi-element 
capability, good detection limits, a linear dynamic range over 8 orders of magnitude 
and high sample throughput. The technique however can suffer from spectroscopic and 
non-spectroscopic interferences. For a detailed explanation of ICP-MS refer to section 
2.5.3. 
Comparison of techniques: the choice of the appropriate technique for a specific 
elemental determination requires an understanding of the capabilities and limitations of 
the available techniques. Table 2.5.2 summarises the techniques discussed in terms of 
detection limit, linear dynamic range and possible interferences. An inspection of 
detection limits they decrease along the series ICP-MS » INAA > FAES > FAAS = 
ICP-OES. A comparison of linear dynamic ranges show ICP-MS has superiority over 
the other techniques, especially due to the incorporation of a dual detector system in 
one particular instrument, namely the Finnigan MAT SOLA (Faraday Cup and Channel 
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Electron Multiplier). As INAA is an absolute technique no formal linear dynamic range 
is quoted. 
Interferences are present in all techniques with differing levels of severity; 
however, the majority of these are documented and can be corrected. FAES is 
hindered by the most severe interferences as illustrated by the poor detection 
capability. For the investigation of the environmental matrices within this study 
(including, surface soil, botanical and water matrices), FAAS, FAES and ICP-OES do 
not offer the detection capabilities for all the elements under study. In addition, INAA 
does not offer rapid analysis. ICP-MS although hindered by spectroscopic and non- 
spectroscopic interferences, can offer the detection limits, linear dynamic range and 
fast multi-element capabilities essential in this study. 
2.5.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
An overview: inductively coupled plasma mass spectrometry was developed from 
work conducted by Date and Gray (1983) and Houk et al. (1980) involving the use of 
a d. c. plasma (DCP) coupled to mass spectrometry. Essentially an ICP-MS can be 
divided into three components; a inductively coupled plasma (ICP); a mass 
spectrometer (MS) and an interface responsible for their connection. Samples are most 
commonly introduced into the central plasma core in the form of an aerosol, where 
high temperatures (7000-8000K) are responsible for desolvation, vaporisation and 
ionisation processes. The positively charged sample ions are subsequently abstracted 
by the sampling cone into a multi stage vacuum system and separated into their mass- 
to-charge (m/z) ratio by a quadrupole mass analyser. 
There are numerous components within an ICP-MS instrument, which in 
summary can be subdivided into seven main areas; (i) sample introduction; (ii) the 
inductively coupled plasma; (iii) the sampling interface; (iv) the ion optics; (v) the 
vacuum system; (vi) the quadrupole mass analyser and (vii) ion detection. 
(i) Sample Introduction: the most common means of sample introduction in ICP-MS 
is through conventional pneumatic nebulisation. Other methods that allow introduction 
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into the plasma as either a gas, vapour aerosol or solid particles include ultrasonic 
nebulisation, electrothermal vaporisation, hydride generation and laser ablation. 
Pneumatic nebulisation involves the production of fine droplets from passage of 
the sample solution into a high velocity gas stream (nebulisation). The sample is 
supplied at a constant rate of usually 1 ml/min by means of a peristaltic pump. The 
overall efficiency of pneumatic nebulisation is approximately 1% and is dependent on 
factors such as nebuliser type, viscosity effects and sample vapour pressure. Although 
pneumatic nebulisation is an ineffective system it remains popular because of its ease of 
use and reasonable stability [Date and Gray, 19891. 
There are essentially three types of nebulisers used in ICP-MS, the concentric 
flow [Meinhard, 19761, the cross flow [Kniseley et al, 19741 and the Babington or 
V-groove [Suddendorf and Boyer, 19781. The V-groove nebuliser is particularly 
resistant to blockage and makes a popular choice for samples with high dissolved 
solids as investigated within this study. The nebuliser operates by allowing the sample 
solution to pass down a V-shaped groove and when it reaches a point where the 
nebuliser gas exits the body a fine aerosol is produced. Figure 2.5.3 (a) shows a 
schematic of a V-groove nebuliser. The resistance of the V-groove nebuliser to 
blockage comes with the disadvantage of a non-optimum geometry for aerosol 
generation [Sharp, 19881. 
Nebuliser body 
Sample outlet 
............ 
V-Groove 
Aerosol 
Fig 2.5.3 (a) The V-groove nebuliser 
[Sharp, 19881 
The V-groove nebuliser is crude in its operation producing varying sized 
droplets of between 8 and 100 µm in diameter. The primary function of the spray 
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chamber is therefore the removal of large droplet sizes (>10 µm) from the gas stream 
to waste. This is achieved by allowing the gas stream to undergo a sharp change in 
direction that the larger droplets cannot follow. These droplets fall-out of the stream 
and strike the spray chamber walls allowing only small suspended droplets into the 
torch and plasma. 
Vapour loading into the plasma has been established as a major source of ions 
for the formation of polyatomic species such as , 
40Ar16O+ on 56Fe in addition to 
enhancing a number of MO+ and doubly charged M2+ species [Gray, 1986b ; Hutton 
and Eaton, 19871. The water content of the carrier gas is critical as H+ and O+ 
contribute to a larger fraction of the total plasma electron population and subsequently 
must be kept constant. Evaporation of water surfaces in the spray chamber at 
temperatures greater than 25°C can add a substantial amount of water vapour to the 
carrier gas [Hutton and Eaton, 19871. Subsequently, thermally stabilised spray 
chambers are used and usually cooled to below 10°C for the reduction of polyatomic 
species and the stabilisation of water vapour added to the plasma. A Scott spray 
chamber operating at 4°C was used throughout this study. 
(ii) The ICP as an ion source: the inductively coupled plasma is responsible for 
sample desolvation, vaporisation and ionisation. The ICP is an electroless discharge in 
a gas, usually argon (although other gases can be used such as helium) maintained at 
atmospheric pressure by a radio frequency generator. The plasma is formed at the end 
of a cylindrical torch by two streams of argon. The torch has two concentric tubes and 
a central injector tube. The outer and intermediate tubes are supplied from a tangential 
argon flow thus producing vorticular flow. The outer tube is responsible for torch 
cooling, whereas changes in pressure within the intermediate flow can result in changes 
in plasma shape characteristics. The sample is delivered to the plasma on axis by a 
central injector tube with a general internal diameter of 1.5 mm. The gas flow of the 
sample aerosol is of sufficient velocity to penetrate the central core of the plasma 
where ionisation occurs. 
A water cooled copper coil (or load coil) acts as the primary of the radio 
frequency (RF) transformer, the secondary is created by the discharge itself. The RF 
current supplied by a generator produces a magnetic field which varies with the 
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generator frequency (usually 27 MHz) and produces a magnetic field lying along the 
torch axis. The discharge initiated by a Tesla coil spark, allows free electrons to couple 
with the magnetic field. The electrical energy supplied to the coil is converted into 
kinetic energy of the electrons. When the electrons reach the ionisation energy of the 
support gas (Ar-15.75 KeV) further ionisations occur and a stable plasma is formed. 
At the frequencies used most of the energy is coupled to the outer or induction 
region of the plasma producing temperatures of 10000K. The central channel of the 
plasma is heated through radiation and conduction and is typically 5000-7000K in 
temperature. In general, most of the elements with an ionisation below that of Ar 
(15.75 KeV) will become ionised in the plasma, with yields typically over 90 %. Houk 
(1986) calculated the degree of ionisation (Ki) for most elements using the Saha 
equation whereby; 
Ki = ,N+ 
nk where; n. = number of free electrons per cm3, 
nm nm = number of M ions per cm3. 
Gray (1989) also described a direct relationship between the degree of ionisation and 
ionisation energy and subsequently showed a sharp decrease in ionisation for elements 
with ionisation energies above 9 KeV. Table 2.5.3 shows selected elements 
investigated in this study with their relative degrees of ionisation and corresponding 
ionisation energies in a plasma at 7500K with an electron density of 10" cm 3. 
ICP as an ion source has a number of advantages including: (i) a relatively 
uniform degree of ionisation producing singly charged positive ions; (ii) sample 
introduction at atmospheric pressure; (iii) efficient sample dissociation resulting in few 
remnant molecular fragments and (iv) a high ion population of trace concentrations and 
therefore greater sensitivity. However, a major disadvantage is the transfer of ions into 
a vacuum without distortion of their relative populations. The transfer is achieved by a 
sampling interface. 
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Table 2.5.3 Degrees of ionisation and corresponding ionisation energies in a 
plasma at 7500K with an electron density of 1015 cm3 
Element DOI (%) I. E (KeV) Element DOI (%) I. E (KeV) 
V 99 6.7 Cu 90 7.7 
Cr 98 6.8 Zn 75 9.4 
Mn 95 7.4 Mo 98 7.1 
Fe 96 7.9 Cd 85 9.0 
Co 93 7.9 Sb 78 8.6 
Ni 91 7.6 Pb 97 7.4 
DOI - Degree of ionisation I. E - Ionisation energy [Houk, 19861 
(iii) The sampling interface: the ICP operates at high temperatures and atmospheric 
pressure, whereas a mass spectrometer requires room temperature and a vacuum of 10' 
S mbar or less. Coupling of these components in ICP-MS requires a sampling interface 
consisting of a system of cones that transports the ions from the plasma into the mass 
spectrometer. Figure 2.5.3 (b) shows the schematic of a typical sampling interface. 
LT--I iVF 
10-6 mbar 1 mbar 
G 
LE 
BA 
To mass 
analyser -'*- -'- . 10 C 
Fl - (-) D +/-H V 
''H 
012 
cm 
Where; A- torch and load coil B- induction region C- aerosol gas flow 
D- initial radiation zone E- normal analyte zone F- sampler 
G- skimmer H- boundary layer of ICP I- supersonic jet 
J- ion lens 
Fig 2.5.3 (b) The sampling interface [Sharp, 19881 
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The plasma flares out over the first cone, known as the sampling cone and a 
small orifice (typically 1 mm) extracts the majority of the injector flow [Douglas and 
French, 19811. The ion beam passes through the sampling cone and onto a second 
cone, the skimmer. The passage the through the `first stage' (between the sampling and 
skimmer cones) is aided by a partial vacuum that accelerates the ion beam reducing the 
probability of any changes that may occur to the nature and relative proportions of 
sampled ions [Douglas and French, 1988]. 
The skimming cone is located on the same axis as the sampling cone at a 
distance of about 7 mm. A small aperture of approximately 0.8 mm again samples the 
ion beam as it expands under vacuum behind the sampling cone. The design and 
condition of the skimmer cone is critical in reducing the transport of polyatomic ions 
such as the argon 80 dimer and metal oxides [Douglas and Kerr, 19881. 
(iv) The ion optics: the ions that leave the interface through the sampling and skimmer 
cones are conveyed to the mass analyser. The ion optics (combined ion lenses) function 
to maximise ion transmission and thus sensitivity; and to focus and transmit ions with 
equal efficiency over the mass range. However, ions with different masses will have 
different kinetic energies and therefore follow a different path through the ion optics. 
Subsequently, different optic conditions are required to focus each ion for greatest 
sensitivity. In practice, although a single ion optic position will produce variations in 
instrument sensitivity, the loss in sensitivity is not severe. The plasma is a source of 
ultraviolet radiation and is on-line with the sampling and skimmer cones. Photon 
discharge from the plasma can activate the detector and produce an erroneous signal. 
In order to prevent such a problem, the mass analyser is set off axis with the plasma 
and interface and a device called a photon stop is employed. 
(v) The vacuum system: mass spectrometers require a vacuum to separate ions 
effectively (10-6 mbar). The vacuum ensures ions do not collide with residual gas 
molecules in the spectrometer and deviate from their intended path. The vacuum is 
produced and maintained using mechanical and turbo-molecular pumps. 
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(vi) The quadrupole mass analyser, the quadrupole consists of four parallel rods 
equidistant from the axis. One of the two pairs of rods have an applied positive charge, 
whilst the other pair have an applied negative charge. The RF voltage applied to each 
pair has the same amplitude but opposite sign (i. e. 1800 out of phase). The quadrupole 
mass analyser operates by producing a varying electric field in the space between the 
rods, allowing a stable path for ions of a narrow m/z range. Those ions outside the 
desired range will be deflected from a stable path, strike the rods and become 
neutralised. 
(vii) Ion detection and handling: ions conveyed from the quadrupole can be detected 
using either a channeltron electron multiplier (CEM) or a Faraday cup or plate, 
depending on the magnitude of the ion beam. Large ion beams of> 106 ions per second 
or more should be detected using the Faraday cup, whereas smaller beams can be 
counted on the more sensitive CEM. 
A CEM located off axis at the end of the quadrupole mass analyser consists of 
an open glass tube with a lead oxide coated interior. A cone at the open tube end is 
maintained at an high negative potential (-3 kV) with the closed end held at close to 
ground. The positive mass resolved ions are attracted to the negative potential at the 
cone and hit the surface emitting secondary electrons. The secondary electrons are 
drawn into the tube by the potential gradient maintained along its length (from - 3kV 
to ground), hitting the interior surface producing more secondary electrons. The 
process propagates down the length of the tube and results in a pulse of approximately 
108 electrons arriving at the collector. Data acquisition involves the use of a multi- 
channel analyser (MCA) typically using 2048 channels of data acquisition memory 
[Jarvis et al., 19921. 
The Faraday cup, as the name suggests, consists of a metallic cup that is 
maintained at a high potential in order to capture ions. The current produced by ion 
bombardment with the cup is amplified and transmitted to a readout device [Williams 
and Gray, 19881. 
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2.5.4 Interferences in inductively coupled plasma mass spectrometry 
ICP-MS systems were thought initially to be interference free techniques. 
However, investigations revealed some major interferences occur for low level 
determinations on many elements, including those of the first row transition metals 
investigated in this study. Interferences in ICP-MS can be broadly categorised into two 
groups, spectroscopic or spectral and non-spectroscopic interferences. 
2.5.4.1 Spectroscopic or spectral interferences 
Published papers relating to spectroscopic interferences have comprehensively 
documented and quantified these sources of interferences [Evans and Giglio, 1993 ; 
Gray, 1986a]. Spectroscopic interferences are caused by atomic or molecular ions 
having the same nominal mass as the element under investigation. These atomic or 
molecular species cause an erroneously high response for the m/z number under 
quantification [Evans and Giglio, 1993]. Low resolution or conventional ICP-MS 
does not possess resolution capabilities to resolve peaks that lie closer than 1 atomic 
mass unit (amu). Spectroscopic interferences can be sub-divided into four classes 
depending on their sources. 
Isobaric overlap: an isobaric overlap exists where two elements have isotopes of 
essentially the same mass. Isotopes of elements do have differing masses usually at the 
second or third decimal place. However, the use of low resolution ICP-MS instruments 
(such as the Finnigan MAT SOLA) are ineffective in the separation of two ions with 
similar mass and thus an isotope free from overlap must be used. The natural 
abundance of isotopes for each element are well documented [Vandecasteele and 
Block, 1994] and are consistent, allowing any interference free isotope to be used for 
quantification. In most cases it is possible to use an interference free isotope; however, 
those isotopes free from isobaric interferences often have lower natural abundances 
and therefore a loss of sensitivity is observed. For example, 58Ni (68.3 % abundance) 
has an isobaric interference from 58Fe and consequently the lower naturally abundant 
isobaric free 60Ni isotope (26.1 % abund) is used. 
Polyatomic or adduct ions: polyatomic or adduct ion interferences pose a more 
serious threat than isobaric interferences. Interfering polyatomic ions are produced 
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from short-lived combinations of two or more atomic species. The major species 
include the plasma gas (normally Ar) and entrained atmospheric gases (e. g. N2 and 02). 
Dissolution reagents and major matrix components can also act as a source of 
polyatomic interference ions. Typical major polyatomic ions include ArO+, ArH+, 
ArOH+ and OH3+. Published studies suggest a number of possible explanations for 
polyatomic ion formation. A study by Vaughn and Horlick (1990) suggested collision 
reactions in the boundary layer on the surface of the sampling cone are responsible, 
whereas Gray and Date (1983) suggested polyatomic ion formation resulted from 
condensation reactions in the expansion region of the plasma behind the sampling cone. 
The first row transition elements are particularly prone to interferences from 
polyatomic species. Table 2.5.4.1 summarises the major polyatomic interferences 
present on the isobaric free isotopes under investigation in this study. 
Table 2.5.4.1 Major polyatomic and doubly charged interferences present on 
isobaric free isotopes 
Isotope Polyatomic interference Possible sources 
51V 5C1' O HC1 solvent, high levels of Cl in sample 
52Cr 40Ar12C dissolved C in sample, organic solvents 
36Ar16O 
plasma gas 
53Cr 37C116O HCl solvent, high levels of Cl in sample 
55Mn 40M14NH HN03 solvent, entrained gas 
56Fe 40Ar'60 plasma gas 
40Ca160 major matrix oxide 
57Fe 40M16 OH plasma gas 
59Co 43Ca160 major matrix oxide 
60Ni 44Ca160 major matrix oxide 
63Cu 40Ar23Na major matrix argide 
47Ti160 major matrix oxide 
65Cu 49Ti160 major matrix oxide 
13013 2+ doubly charged ion 
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Table 2.5.4.1 (Contd) Major polyatomic and doubly charged interferences present 
on isobaric free isotopes 
Isotope Polyatomic interference Possible sources 
66 50Ti160 major matrix oxide 
132Ba2+ doubly charged ion 
67Zn s1V 160 matrix oxide 
134Ba2+ doubly charged ion 
"'Cd 96Mo'6O matrix oxide 
[Vandercasteele and Block, 19941 
Sample preparation procedures can produce problematic polyatomic interferences by 
the use of inappropriate dissolution reagents. Low level determinations of vanadium 
and chromium are hindered by the use of HCl as a digestion acid (see section 2.4). 
Section 2.5.5.2 fully describes and quantifies those polyatomic interferences found 
within this study. 
The oxygen atom is present in many of the polyatomic ions and such levels can 
be reduced by lowering the amount of water vapour that reaches the plasma. The 
reduction of water vapour can be achieved by using a water cooled spray chamber or 
in the case of the Finnigan MAT SOLA used in this study by ethylene glycol. Argide 
interferences can be eliminated by using other plasmas, such as helium, although these 
methods are not in routine use. 
Refractory oxides: can lead to interference problems on 16 (MO) or 32 (MO2) 
above the M+ peak, (although to a lesser extent than polyatomic ions). Refractory ions 
occur from incomplete dissociation of the sample matrix or from recombination in the 
boundary layer of the plasma. The level of oxide formation are dependent on the 
monoxide bond strength [Gray, 19891 and rarely exceed 1.5 % of the M+ ion count 
[Jarvis et aL, 19921. 
Doubly charged ions: the percentage of doubly charged ions in the plasma is 
dependent on the second ionisation energy of the element. Those elements with second 
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ionisation energies lower than the first ionisation energy of Ar (15.75 KeV) will 
produce M2+ ions in the plasma. The m/z interference becomes m/2z and thus 
interferences are observed at half the mass of the single ion, for example an 
interference of 130Ba on 65Cu. The ratio of doubly charged to singly charged ions for 
most elements is approximately 0.01 % and increases linearly with the second 
ionisation potential. Elements with low second ionisation energies such as La, Ce and 
Ba have M2+/M+ ratios of 1-5 % [Vandecasteele and Block, 19941. 
2.5.4.2 Non-spectroscopic interferences or matrix effects 
This second group of interferences are generally less well understood but are 
thought to be due to factors that include (i) influences on sample transport; (ii) 
ionisation in the plasma; (iii) ion extraction; (iv) the nature and concentration of 
components in the sample matrix [Evans and Giglio, 19931. Non-spectroscopic 
interferences can be subdivided into two categories: 
(i) analyte suppression or enhancement effects, 
(ii) physical effects resulting from high levels of dissolved or undissolved 
solids. 
Suppression or enhancement effects: a high concentration of a major matrix 
component, such as Na, K or Ca can act to produce a significant increase in the 
electron population and result in an equilibrium disturbance (M q M+ + e) within the 
plasma. The disturbances caused by ionisation of major matrix components with low 
ionisation energies acts to inhibit full ionisation of analyte elements. Many authors have 
documented suppression effects [Beauchemin et aA, 1987] but found these effects to 
be variable [Tan and Horlick, 19871 and dependent on plasma operating conditions 
[Thompson and Houk, 1987]. A number of methods exist to limit or overcome 
suppression or enhancement effects. These include: 
(i) dilution, although accompanied by compromised detection problems 
[Ridout et a1,19881, 
(ii) internal standardisation, but analyte and internal standard must be closely 
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matched in terms of both mass and ionisation [Thompson and Houk, 
1987], 
(iii) instrumental optimisation [Wang et a1,19901, 
(iv) matrix matched standards, and 
(v) pre-chemical separation using techniques such as ion chromatography. 
Dissolved solids: early work by Houk et al. (1980) found that ICP-MS is not tolerant 
to solutions containing high levels of dissolved solids. Higher levels of dissolved solids 
can act to produce signal drift over short periods of time. Studies conducted by 
Williams and Gray (1988) using 1000 mg/I aluminium showed continual aspiration 
produces a rapid decrease in response before the signal stabilised. The authors 
concluded that signal loss is not simply due to a reduction in the number of ions 
entering the plasma, but also a less effective ion extraction process due to a reduction 
in the sampling and skimmer cones orifice diameters. High dissolved solid interference 
problems can be limited in a number of ways. The most simple is a process of dilution. 
Injector tubes with wider bores have been successfully used to allow more time in the 
central core of the plasma enabling volatilisation and ionisation of large particles [Date 
and Gray, 19891. 
In practice total dissolved solid (TDS) levels are often not problematic and can 
usually be corrected using internal standardisation. Within this study, digested soil 
extracts are the only cause for concern; however, the sample matrix limestone derived 
soil is composed predominantly of CaCO3. During sample preparation approximately 
40 % of the sample mass is lost as CO2. A dilution factor of 250 fold gives a 
theoretical TDS concentration of 2400 mg/l. Studies undertaken by Houk et al. (1980) 
have shown good signal stability (5-10 % rsd) for Sr, Mn, U and Ce in constant 
aspiration with 3000 mg/1 of Ca. 
2.5.5 Instrumentation in this study 
The ICP-MS used exclusively in this study was a Finnigan MAT SOLA ICP- 
MS instrument (Finnigan MAT Ltd, Hemel Hempstead, Hertfordshire, UK). The 
Finnigan MAT SOLA is similar in operation to most quadrupole ICP-MS instruments 
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(refer to section 2.5.3). There are however a few differences including: (i) sampling 
depth (14 mm); (ü) a third cone (accelerator cone) and dual detector (Faraday and 
channel electron multiplier). 
2.5.5.1 Laboratory procedures and chemicals 
All chemicals including dissolution acids and synthetic standards used within 
this study were of Aristar® grade and supplied by BDH Ltd, Hampshire, England. 
Polypropylene storage bottles were exclusively used for the collection and storage of 
samples and standards. Multi-element standards were prepared from 1000 mg/l stock 
solutions supplied by BDH Ltd, Hampshire, England. Studies have shown degradation 
of solutions containing low analyte levels over a period of time [Luan, 1997]. 
Consequently, new standards were prepared prior to instrument calibration in order to 
maintain optimum accuracy. Studies have also shown contamination and analyte loss 
through the use of borosilicate glassware. Therefore, polypropylene flasks were 
employed for preparation of samples and standards [Cowgill, 1994]. 
A strict washing procedure that involved soaking both storage containers and 
volumetric flasks with 5% (v/v) HNO3 (Aristar®-BDH) for 24 hours and subsequent 
wash 3 times with de-ionised water (18 milli-ohms cni 1) ensured contamination was 
kept to a minimum. The de-ionised water used exclusively for sample and standard 
dilution was obtained from an Elgastat UHQ water purification system, Elga Ltd, High 
Wycombe, England. 
2.5.5.2 Quantification of spectroscopic interferences 
Spectroscopic interferences from isobaric overlap, polyatomic ions, refractory 
oxides and doubly charged ions have been comprehensively identified by many authors 
including Gray (1986a) and Evans and Giglio (1993) and is discussed in section 
2.5.4.1. A number of isotopes of these elements have been rejected by considering 
interferences from either major polyatomic ions (e. g. 40Ar160 on 56Fe) or isobaric ions 
(e. g. SOTT on 50V). Further isotopes can be rejected by their low natural abundance and 
consequently high limit of detection. These include 53Cr, 61Ni, 62N1,67Zn and 204Pb with 
natural abundances of 9.50,1.13,3.59,4.10,1.40 %, respectively. Considering 
spectroscopic interferences and low natural abundance isotopes it can be seen that the 
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following isotopes are the most suitable for quantification, 51V, 52Cr, ss 57Fe, 59Co, 
60NL 65CU, 66Zn, 95Mo, 112 Cd and 208Pb. The following section describes the effect of 
possible spectroscopic interferences in the analysis of a typical soil matrix solution 
(water matrices contain lower analyte levels). 
Polyatomic and refractory ion interferences: many authors have commented on the 
factors affecting the formation of polyatomic and refractory oxide ion interferences 
[Horlick et aA, 1985 ; Tan and Horlick, 19861 but little information has been 
published on the relative intensities of interferences. A typical motorway contaminated 
surface soil digest solution was subjected to a full elemental scan to establish those 
elements present in major or minor quantities that could produce possible polyatomic, 
refractory oxide or doubly charged ion interferences. Results confirmed the present of 
major analyte levels of titanium (2000 mg/kg), calcium (30,000 mg/kg), chlorine (300 
mg/kg) and barium (230 mg/kg) in the soil matrix. A combination of possible 
interferences on the isotopes of interest, a knowledge of the sample matrix and 
inherent elements (0, N and H) entrained by the plasma (Ar) gas has revealed the 
following probable spectroscopic interferences; 
35C1160 on S'V 35C1160'H on 52Cr 40Ar14N'H on ss)Vin 
40Ar160111 
on 
57Fe 44Ca160 
on 
60Ni 49Ti16O on 
65Cu 
50Ti16O on 66Zn 
These interferences were subsequently quantified by monitoring the polyatomics in the 
presence of the major matrix compounds. An internal standard of74Ge (100 µg/1) was 
introduced on-line along with the synthetic standards to ensure any variation in ion 
intensity would be directly attributed to polyatomic ion interferences alone. 
(i) Polyatomic ion interferences containing chlorine: both 35C1160 on S'V and 
35C1160 'H on 52Cr have been identified as polyatomic interferences when using HCl for 
sample digestion (see section 2.4). Within this study, lower Cl levels of 1.2 mg/kg were 
found in soil (taking into account a dilution factor of 250). Figure 2.5.5.2 (a) shows the 
effect increasing Cl concentration has on the relative background intensities of "V and 
52Cr. 
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Fig 2.5.5.2 (a) The effect of increasing Cl concentration on 51V and 12 Cr 
AI% HNO3 (v/v) blank was monitored ten times for "V and 52Cr with ±1 
standard deviation of the results represented by the dotted lines. The figure clearly 
shows that below 2000 µg/1 no increase in 51V or 52Cr ion intensity with respect to one 
standard deviation of the blank signal was observed. Studies undertaken by Date and 
co-workers (1989) using 1% HCl have shown the formation of the 35C1160 polyatomic 
ion interference, although at substantially higher concentrations. 
(ii) Polyatomic ion interferences containing nitrogen: the polyatomic interference 
of 40Ar14N'H on "Mn although less prominent than that of 40Ar'4N on 54Fe has 
nevertheless received attention in the literature [Date, 1989]. The abundance of 
nitrogen levels result from inherent air entrained by the plasma and the sample 
solutions of either 1% or 5% (v/v) HN03 used in the study. Figure 2.5.5.2 (b) 
illustrates the effect of increasing HNO3 acid concentration on a 55Mn background. 
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Fig 2.5.5.2 (b) The effect of increasing nitrogen concentration on background 
intensity of 55Mn 
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The figure shows no enhancement of "Mn from increasing nitrogen addition at 
concentration levels used within this study. The result is not surprising when one 
considers the high relative abundance of nitrogen in the plasma form entrained air. A 
scan of '4N whilst aspirating a 10 % HNO3 solution shows a relative increase in 
comparison to a dry plasma (contribution from 14N in the air alone) of only 0.1 %. 
Contribution of the 40Ar14N'H polyatomic ion interference in either a dry plasma or 
lower percentage levels of a HN03 medium will only result in an increase in the limit of 
detection due to the inherent nature of14N in the plasma. 
(iii) Polyatomic ion interferences containing calcium: due to the geological nature 
of the major site in this study (limestone/chalk derived soil) high levels of calcium are 
present in soil digest solutions. Calcium has a number of minor isotopes (including 
44Ca). At high levels a combination with 160 can hinder the low level determination of 
other isotopes, such as 60Ni from 44Ca160. Figure 2.5.5.2 (c) illustrates the effect of 
increasing levels of calcium on the relative background intensity of 60Ni. 
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Fig 2.5.5.2 (c) The effect of increasing calcium concentration on background 
intensity of 60Ni. 
Vanhoe (1992) evaluated the polyatomic oxide ion interferences arising from 
calcium. The study showed the presence of 40Ca16O on 56Fe yielded an interference 25 
times greater than 44Ca160 on 60Ni. Figure 2.5.5.2 (c) clearly shows the presence of 
44Ca160 can increase the 60Ni ion intensity at a calcium concentration in excess of 150 
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mg/kg. The calcium content in the major study site at Newbury is approximately 120 
mg/kg and consequently does not hinder low level determinations of nickel. 
(iv) Polyatomic ion interferences containing titanium: include 49Ti160 on 65Cu and 
50Ti160 on 66Zn [Vaughn and Horlick, 19861. Studies conducted on oxide 
interferences has revealed a linear relationship between increasing MO+/M+ ratio and 
increasing M-O bond strength [Vanhaecke et al., 19921. Titanium has a high bond 
strength of 760 kJ mol-' and studies undertaken by Gray (1989) has measured the 
MO+/M+ ratio for 48Ti as 1.8 x 10-3. Figure 2.5.5.2 (d) illustrates the effect of 
increasing levels of titanium on the relative background intensity of 65Cu and 66Zn. 
100000 
U, 
r. + 
CO U 
10000 
.ý 
O 
1000 
-t- 65Cu 
-*- 66Zn 
05 10 15 20 25 30 
Ti concnetration (mg/1) 
Fig 2.5.5.2 (d) The effect of increasing titanium concentrations on background 
intensity of 65Cu and 66Zn 
The figure clearly shows an increase in relative background intensities of both 65Cu and 
66Zn at a titanium concentration over 10 mg/kg indicating the presence of the oxide 
interference. In the soil digest solutions 5-8 mg/kg titanium is common and therefore 
do not pose a threat for low level determinations of either 65Cu or 66Zn. 
Doubly charged ions: doubly charged ion interferences are far less important in terms 
of magnitude than polyatomic or oxide interferences. Only elements with low second 
ionisation potential such as Ba, Sr and La will produce M2ions to any degree. Studies 
undertaken by Vanhaecke et al. (1992) has shown an exponential decrease between the 
2"d ionisation energy and the M2+/M' ratio. Barium is present within the soil digests 
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studied at approximately 0.9 mg/kg. Published studies have identified the possibility of 
130Baz` on 65Cu and 132Ba2 on 66Zn [Vandercasteele and Block, 19931. Figure 2.5.5.2 
(e) illustrates the effect of increasing levels of barium on the relative background 
intensity of 65Cu and 66Zn. 
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Fig 2.5.5.2 (e) The effect of increasing barium concentration on background 
intensity of 65Cu and 66Zn 
The figure shows no increase of background ion intensities for either 65Cu or 
66Zn in the presence of increasing barium concentration. A number of authors have 
reported M2 '/M' ratios for barium in the order of 1.0 % for the major isotope 138 
(71.7 % natural abundance). The '30Ba and the 132Ba isotopes are only 0.10 and 0.11 
% naturally abundant and therefore represent very little in terms of doubly charged ion 
interferences. 
2.5.5.3 Quantification of non-spectroscopic interferences 
Many authors have described suppression effects from Li, B, Na, Mg, Al, K 
and Ca on analytes including V, Cr, Mn, Ni, Co, Cu, and Zn [Beauchemin et aA, 1987 
; Thompson and Houk, 19871. Within this study calcium has already been discussed 
as a major matrix component (soil 120 mg/kg ; water 250 mg/1) in addition to sodium 
that is present in high concentrations in surface soil (4 mg/kg) and waters (200 mg/1). 
Matrix suppression or enhancement of the internal standards 74 Ge, 15In and 209Bi under 
increasing concentrations of sodium and calcium were investigated (Figures 2.5.5.3 (a) 
and 2.5.5.3 (b)). 
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Fig 2.5.5.3 (a) The effect of increasing concentration of sodium on the ion 
intensities of various internal standards 
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Fig 2.5.5.3 (b) The effect of increasing concentration of calcium on the ion 
intensities of various internal standards 
The figures clearly show suppression of all internal standards between 300 and 
400 mg/kg calcium and sodium. The graphs also indicate the extent of suppression may 
vary with ionisation potential. Internal standards with lower first ionisation potentials 
are suppressed at lower electrolyte (calcium and sodium) concentration. For the 
purpose of this study suppression of the internal standards by the sodium and calcium 
levels present in the samples was not observed. The study is consistent with those 
reported and show analyte suppression at a sodium concentration of 500 mg/I and 
below is not prominent [Thompson and Houk, 19871. 
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2.5.5.4 Analytical figures of merit (AFM) 
(i) Detection limits: the agreed definition of detection limit calculated and produced 
by Skogerboe and Grant (1970) and subsequently published by the International Union 
for Applied Chemistry (1977) is `the lowest concentration of the analyte that can be 
determined with reasonable confidence from a blank'. The blank is defined as a sample 
containing no analyte. Detection limits in ICP-MS can be generated by repeated 
measurement (usually ten times) of the background signal to estimate mean values and 
a standard deviation. 
Instrumental detection limits quoted by manufacturers are often determined by 
a sum of the mean and 3 standard deviations of a blank signal. These detection limits 
are often misleading in terms of sample analysis as they are determined under optimum 
instrumental conditions and do not represent those compromising conditions used in 
routine analysis. The instrumental detection limits at best represent the lower limits of 
qualitative analysis (LLD - Lower Limit of Detection) [Potts, 1987]. Potts (1987) 
investigated the use of detection limit defined as the mean plus six standard deviations 
of the blank signal. This detection limit known as the limit of determination (LOD) is a 
true reflection on the limit of quantitative analysis. 
To determine the detection limits of the elements in this study the ion beam was 
first optimised on the 115In isotope that has been used in all subsequent sample 
analyses. A blank solution of 1 (v/v) HNO3 and a 10 µg/l multi-element solution 
containing those elements seen in Table 2.5.5.4 (a) were aspirated ten times. The ion 
intensities of the blank and standard deviation for each element were compared to the 
blank corrected 10 µg/l multi-element standard. The table shows LOD for those 
elements of interest and in accordance to the literature was taken as the relevant 
detection limit [Potts, 19871. The detection limits calculated compare favourably with 
those quoted by Ward (1994). 
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Table 2.5.5.4 (a) Detection limits for isotopes of interest 
Element isotope LOD* (µg/1) Element isotope LOD (µg/1) 
51V 0.18 65Cu 0.30 
52Cr 0.25 66Zn 0.54 
55Mn 0.45 95Mo 0.30 
57Fe 3.99 12Cd 0.08 
59Co 0.09 121 Sb 0.16 
60Ni 0.24 208Pb 0.38 
LOD - Limit of Determination 
* based on mean plus 6 sd of blank 
(ii) Internal standardisation: an internal standard is an element which is added in a 
known concentration to all samples and standards either off-line or on-line using a 
mixing T-piece. A ratio of the internal analyte response and the internal standard 
response is subsequently use for correction of random fluctuations in the signal, sample 
matrix suppression or enhancement and instrumental drift. Thompson and Houk (1987) 
studied the suitability of various internal standards including Mo, Hf, Sr, In and Zr. 
Beauchemin et al. (1988) postulated on the use of a gas or major polyatomic ion 
interference, including the Ar dimer at mass 80. However, studies undertaken by Jarvis 
et al. (1992) have shown the Ar dimer to be a poor internal standard due to its relative 
instability and rapid decrease in signal over time. A suitable internal standard for a 
particular isotope must possess the following properties; 
(i) a similar mass-to-charge ratio, 
(ii) a similar first ionisation potential, 
(iii) must be mono-isotopic or have an isotope of high natural abundance, 
(iv) must not be present in the samples at high concentrations, 
(v) must not suffer from isobaric overlap or generate them on isotopes of 
interest [Thompson and Houk, 19871. 
A number of studies have investigated the use of a single internal standard for 
multi-element analysis and suggested "'In is suitable due to its absence in most 
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matrices and high natural abundance of 95.7% [Jarvis et aL, 1992]. A study was 
undertaken using the 115In isotope to correct all the elements of interest over a period 
of 10 hours. A 100 µg/l solution of indium was run on-line with a similar multi-element 
solution to produce a ratio between the internal standard and analyte. Table 2.5.5.4 (b) 
shows the short-term precision of the analytes using "'In as an internal standard. 
Table 2.5.5.4 (b) Relative short-term precision using "'In as an internal standard 
Elemental isotope % rsd* Elemental isotope % rsd 
51V 13.4 65Cu 10.3 
52Cr 12.0 66Zn 8.92 
"Mn 11.2 95Mo 3.91 
57Fe 9.13 112 Cd 3.99 
59Co 7.89 121 Sb 4.56 
60Ni 8.10 208Pb 22.3 
% rsd - percentage relative standard deviation 
* based on 120 replicate analyses over a 10 hr period 
The table clearly shows good precision levels for analytes with a similar mass to 
the 115In isotopes (i. e. 95Mo, 112 Cd and 121Sb) with poor precision for those analytes 
that Be at approximately 60 amu lower. The precision level for 208Pb at 93 amu higher 
than "In is particularly poor. Results indicate that "'In cannot be used for internal 
standardisation correction for either the first row transition elements or lead 
measurements. The study is similar to results reported by Vanhaecke et al. (1992) 
where poor precision was obtained when considering correction of the 89Y isotope by a 
number of internal standard covering the mass range. 
Considering the criteria for a suitable internal standard in addition to 
knowledge of the sample matrix components, 74Ge and 209Bi are the logical choice for 
internal standards for the first row transition element and lead, respectively. Figures 
2.5.5.4 (a) and 2.5.5.4 (b) show the variation of signal ratios using their appropriate 
internal standards with time. 
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Fig 2.5.5.4 (b) Variation of signal ratios for 95Mo, 112 Cd and 12' Sb (using "'In) 
and 208Pb (using 209Bi) with appropriate internal standards 
Results from both figures show good stability and precision levels for each 
analyte with their appropriate internal standard over the course of a ten hour period, 
with precision levels in the region of ± 3-5 %. This result is consistent with those 
described by Vandecasteele and Block (1994), where 9Be, 59Co, 15In and 205T1 were 
used as internal standards to cover the mass range, thereby increasing precision to 
approximately ±3% for most elements. 
(iii) Signal optimisation and operating conditions: a number of parameters can be 
altered to ensure optimum sensitivity (higher signal-to-noise ratio) in both the plasma 
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conditions and the ion lens settings. These include coolant, carrier and nebuliser gas 
flows, forward power, ion lenses and channeltron multiplier voltages. The optimum 
sensitivity can only be achieved for a single isotope of an element. In this case a 
number of isotopes are required for determination and therefore a compromise in 
operating conditions was sought. The ion optics were finely tuned using a 100 µg/1 
indium standard solution in 1% (v/v) HNO3. The instrument and operating conditions 
using optimisation on the "In isotope can be seen in Table 2.5.5.4 (c). In addition to 
signal optimisation, calibration of the mass range was undertaken each day. This 
involved aspirating a solution containing analytes over a wide mass range, in this case 
7Li, 59Co, "51n and 208Pb and using computer software to recalibrate using the selected 
isotopes. 
Table 2.5.5.4 (c) Instrumental operating conditions for routine analysis 
Incident Power 1.5 kW Filter 6.30 
Reflected Power <5 W Interspace 9.10 
Nebuliser pressure 3.9 bar Discriminator 0.80 
Cooling gas flow 15 1 min 1 Multiplier voltage 5.00 
Intermediate gas flow 0.4 1 min 1 Vacuum stage 1 2.5 mbar 
Nebuliser gas flow 0.95 1 min'' Vacuum stage 2 4.0 x 10"3 mbar 
Spray Chamber temp 2.0°C Vacuum stage 3 3.5 x 10-5 mbar 
Cooling water temp 15°C Optimisation: Multiplier 
Pump speed 15 rpm Isotope -115In 
Resolution 34 Concentration - 100 ug/1 
Y steer 5.68 Signal - 2.5 x 10-6 counts sec" 
* deflection 4.71 Run procedure: Multiplier 
X deflection 7.20 Dwell time -2 ms 
Extraction 2.80 Passes - 100 
Focus 10.0 channels per amu - 16 
Scans -3 
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(iv) Calibration: ICP-MS is a comparative technique and as such requires calibration 
against known standards to obtain quantitative results. The most widely used method, 
and the one implemented in this study, is the use of external calibration. Five synthetic 
standards of known concentration were prepared over the concentration range 
expected (typically 0-500 µg/1). A calibration curve of known concentration against ion 
intensity was subsequently obtained for each element of interest. The plotted standards 
rarely follow a perfect linear relationship due to indeterminate or random errors in the 
analytical measurements. Non-weighted linear regression analysis was therefore used 
to fit a straight line through the data points and is based on minimising the squares of 
the individual data points (method of least squares). All standards were prepared from 
1000 mg/l (Aristar®-BDH) stock solutions using either 1% (v/v) HN03 (Aristar) for 
water matrices or 5% (v/v) HN03 (Aristar) for surface soil, sediment and vegetative 
matrices. 
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2.6 Validation and Quality Control 
Quality control is employed to substantiate and validate analytical methods or 
procedures [Kateman and Buydens, 19931. Quality control can be used in all aspects 
of the analytical sequence from sample collection (see section 2.2) through sample 
preparation (see section 2.4) and sample analysis (see section 2.5). Techniques, such as 
the standard method of addition and inter-laboratory comparisons, are commonly used 
for validation and quality control. However, the most widely used technique for 
method validation involves the use of certified reference materials (CRM's). 
Throughout this study the use of CRM's has been the primary method for ensuring 
analytical accuracy and precision. The use of inter-lab and inter-method procedures 
have been used to qualify those results obtained using CRM's. 
Accuracy and precision: accuracy is a measure of how closely the analytical data 
compares with the `. true' or certified value. Many definitions published in the literature 
relate to bias or error of a mean analytical result from a `true value' [IUPAC, 1976]. 
Precision is a measure of random errors in an analytical procedure and is directly 
related to reproducibility. Precision is usually calculated from one standard deviation of 
a set of replicate analyses. Within this study all references to precision are made using 
one sigma or one standard deviation from a mean value. Accuracy and precision from a 
set of replicate values can be used for quality control and validation purposes. 
Throughout this chapter accuracy and precision have been used for validation purposes 
predominantly using a combination of statistical evaluation tests (Student t-test) and 
CRM's (see below). 
Certified reference materials: a certified reference material is a well characterised 
homogenous material that has physical or chemical properties experimentally 
determined to a high degree of accuracy and precision. These properties are usually 
determined by many technically valid procedures and each material is accompanied by 
a certificate of analysis issued by certifying bodies, such as, NIST (National Institute of 
Standards and Technology) and NRCCRM (National Research Centre for Certified 
Reference Materials) [ISO, 1989]. The CRM's employed in this study for validation 
and quality control fall into 3 categories according to matrix type, i. e. water, botanical 
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materials and environmental materials (soils and sediments). For all the CRM's (except 
water matrices) a pre-preparation procedure involving drying to constant mass at 60°C 
was required. 
In-house reference materials: two `in-house' reference materials a highway 
contaminated surface soil and plant material have been prepared and routinely analysed 
with all subsequent samples. In-house reference materials do not possess certified 
constituents and therefore are only effective in monitoring day-to-day differences in 
analytical procedures. In-house materials benefit from possessing very similar matrix 
matched properties and therefore can give a good measure of accuracy and precision in 
routine analytical procedures. For example, the CRM used for developing dissolution 
procedures, NRCCRM GBW 07401 is a padzolitic brown soil and has different matrix 
components to the limestone based soil present within the study areas. 
Standard method of addition: the addition of a defined amount of synthetic analyte 
to a sample and measurement of the percentage recovery is known as the standard 
method of addition. As described in sections 2.4.1 and 2.4.2 the method has limitations 
in its use for assessing the efficiency of analytical procedures. The analyte added (as an 
element in the form of a nitrate salt) is rarely in a similar form to that in the sample. 
More importantly the analyte solution added `spike' is not an integral part of the 
sample and therefore is commonly extracted or digested more effectively than elements 
under investigation. The standard method of addition is more suited for the assessment 
of analyte loss during sample preparation and handling. 
Inter-laboratory comparisons: are used to compare one or several laboratories. The 
advantages of this testing over other methods of quality control or validation include 
an estimate of accuracy and precision between different laboratories (often using 
different instrumentation) and the reconfirmation of weak analytical methodology. As 
part of an inter-laboratory comparison with the Agricultural Department at the 
University of Norway, various samples were analysed using their Perkin Elmer ELAN 
6000 ICP-MS. Various certified reference water materials were studied including 
National Institute of Standards and Technology, Gaithersburg, M. A. (NIST) 1643 d, 
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National Research Council Canada (NRC-CNRC) SLRS-3 Riverine Water Reference 
Material for Trace Metals, and National Water Research Institute Environment Canada 
(NWRI) TM-27 Reference Water Spiked into a Soft Water Background. A number of 
stormwater samples from a balancing pond facility along the London Orbital M25 
motorway and a motorway contaminated surface soil digest were also investigated. 
The analysis was performed using conventional pneumatic nebulisation ICP- 
MS equipped with a cross flow nebuliser. Mass calibration was undertaken using 
elements that covered the entire mass range, i. e 4He, 24Mg, '03Rh and 208Pb. Internal 
standardisation was used implementing 15In to correct for instrument drift and 
suppression. Sample analysis involved identical procedures to those stated in section 
2.5.5 for the Finnigan MAT SOLA ICP-MS. The linearity over the analyte range for all 
elements gave good correlation coefficients of 0.9995. The results obtained for NIST 
1643-d and a typical motorway stormwater sample using the Perkin Elmer ELAN 6000 
in comparison to the Finnigan MAT-SOLA ICP-MS are summarised in Table 2.6 (a). 
Due to time restraints each sample was quantified in triplicate only. 
A review of the results obtained by both the Finnigan MAT SOLA and the 
Perkin Elmer ELAN 6000 ICP-MS instruments show similar elemental levels for NIST 
1643 d and a typical stormwater sample. A statistical evaluation on the stormwater 
sample using a Paired t-test showed, with the exception of lead, that there was a 
statistical difference between the measured and certified levels obtained by either 
laboratory at the 95 % confidence interval (where ItIcnt is 2.78 for 4 degrees of 
freedom). The relatively poor accuracy and precision obtained for lead in the CRM's 
and stormwater samples using the Perkin Elmer ELAN 6000 partly lie in the use of 
"'In alone for correction on the 208Pb isotope. The suitability of an internal standard 
involves a number of factors (refer to section 2.5.5.4) including the possession of a 
similar mass-to-charge ratio with the elements under study. Clearly this prerequisite 
has not been achieved by the use of 1151n as an internal standard. The analysis of 208Pb 
using the Finnigan MAT SOLA instrumentation involves internal standard correction 
using the mono isotopic 209Bi peak. The suitability of this isotope is reflected in the 
greater accuracy and precision of lead measurements in relation to the certified value in 
water. 
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A number of motorway contaminated soil digests were also quantified using the 
Perkin Elmer ELAN 6000 ICP-MS. The aim of the inter-laboratory comparison 
involved assessment of differences in instrumental methodology and not differences in 
digestion procedures. Consequently, soil digests were prepared using conventional 
water bath technology at the University of Surrey (refer to section 2.4) and 
subsequently analysed using both instruments. Results for the in-house motorway 
contaminated surface soil are summarised in Table 2.6 (b). The Paired t-test values 
show that there is no statistical difference between both instruments (for 4 degrees of 
freedom) at the 95 % confidence interval, with the exception of lead (ItIcaic of 8.94). 
The use of 115In as an internal standard may again be responsible for the difference 
reported within the Norway samples. 
Table 2.6 (b) Inter-laboratory comparison of the elemental levels in a in-house 
motorway contaminated surface soil reference material using ICP-MS 
(µg/1) 
Elements Finnigan MAT SOLA Perkin Elmer ELAN 6000 Paired t-test 
Surrey Norway value 
V 701 ± 12 703 ± 19 -0.29 
Cr 304 ± 12 302 ± 15 1.40 
Mn 5127 ± 16 5130± 9 -0.95 
Co 38.7 ± 1.3 39.1 ± 0.9 -0.37 
Ni 249 ±8 245 f6 0.78 
Cu 203±10 206±7 -1.19 
Zn 705± 15 712 f 19 -1.06 
Mo 8.65 ± 0.06 8.67 ± 0.07 1.05 
Cd 10.5 ± 0.31 10.4 ± 0.41 0.66 
Pb 1204 ± 13 1043 ± 40 8.94 
Student t-test; At the 95 % confidence interval ItIcit is 2.78 for 4 degrees of freedom 
The results provide proof that ICP-MS can be used as a fast multi-element 
technique for quantification of heavy metals within both a water and soil-based matrix. 
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Inter method comparisons: remain an invaluable method for validation of results 
from an analytical procedure. The use of an alternative method for sample analysis 
allows comparison of elemental methods and can highlight systematic errors in a 
particular instrumental procedure. As part of an inter-method comparison with the 
Agricultural Department at the University of Norway, a number of CRM's and samples 
were characterised by the use of instrumental neutron activation analysis (INAA). 
Sample preparation at the University of Norway involved weighing samples and 
standards into polypropylene tubes prior to heat sealing. The samples were packed and 
irradiated in a nuclear reactor. Ge(Li) gamma ray detectors were used to count each 
sample at a post irradiation period of 9 and 21 days. In accordance with their relative 
half-lives, calcium, molybdenum and antimony were quantified using the first 
irradiation period and scandium, chromium, cobalt and zinc using the second. The 
gamma ray intensities were subsequently corrected for half life decay over the decay 
time (td) using the radionuclide half-life equation as seen in section 2.5.2. Results for a 
select number of CRM's are summarised in Tables 2.6 (c) showing mean and standard 
deviation (s. d) values. 
A review of the table shows good agreement between measured concentrations 
and certified values. Furthermore, statistical evaluation using a Student t-test shows no 
statistical difference between the measured and certified values at the 95 % confidence 
interval (for 2 degrees of freedom) with the exception of calcium for NRCCRM 03401 
River Sediment. The presence of a large amount of sodium (29,000 mg/kg), in addition 
to its relatively short half life of (15 hrs) may affect gamma ray detection. The detector 
was effectively overloaded and resulted in an inproportionate counting time of only 66 
% (taken from the real time and live time values). A number of in-house and real 
samples were also irradiated and the results show similar trends to those seen for the 
CRM's above. The use of INAA in this study has further validated the chosen ICP-MS 
method used for soil, sediment and vegetative analysis. 
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Table 2.6 (c) INAA data for a number of certified reference materials (mg/kg) 
Element Measured concentration Certified concentration 
mean s. d mean s. d 
NRCCRM GBW 07401 Brown Soil 
Ca 18610 2890 17200 300 
Sc 12.6 0.5 11.2 0.3 
Cr 66.7 2.8 62 1.6 
Co 13.4 0.4 14.2 0.4 
Zn 645 30 680 11 
Sb 0.85 0.20 0.87 0.12 
NRCCRM GBW 07301 Stream Sediment 
Ca 48100 2300 46000 NV 
Sc 16.6 0.6 15.6 1.0 
Cr 191 7.4 194 4 
Co 19.6 0.5 20.4 0.9 
Zn ND ND 79 3 
Sb ND ND 0.22 0.04 
NIST 1571 Orchard Leaves 
Ca 18890 530 20900 300 
Sc 0.13 0.02 ND ND 
Cr 2.93 0.16 2.6 0.2 
Co 0.13 0.03 ND ND 
Zn 24.0 1.6 25 3 
Sb 2.34 0.80 2.9 0.3 
ND = No detected 
(s. d) = standard deviation 
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2.7 Summary 
This chapter has investigated the analytical procedure required to obtain 
statistically valid results from an environmental investigation. Important steps within 
the analytical procedure included sample collection, sample preparation, sample 
analysis and sample validation. 
The investigation into sample collection evaluated important areas including 
sample size, preservation and storage for all environmental monitors (both liquids and 
solids) within this study. The study has found sample size to be important in sample 
collection and also revealed preservation and storage to be critical for water matrices. 
The studies on sample digestion found sub-sample size and acid dissolution 
reagents were as critical to ensure optimum digestion efficiency. Open vessel 
conventional digestion using 1: 1 (v/v) HNO3: HF and 1: 1: 1 (v/v/v) HNO3: HF: H202 has 
proved effective for the dissolution of botanical and environmental samples, 
respectively. 1: 1 (v/v) HN03: HF has proved effective for dissolution of both botanical 
and environmental matrices using closed vessel microwave digestion. Studies on sub- 
sample size has shown a minimum mass of 0.10 ± 0.01 and 0.25 ± 0.01 g was required 
to obtain a homogeneous sample for environmental and botanical matrices. Studies on 
microwave digestion shows little superiority over conventional digestion using 
appropriate dissolution reagents. Microwave digestion has the advantage of short 
digestion times but remains expensive in comparison to open vessel digestion and was 
therefore not used. 
ICP-MS showed good precision and detection limit capability for those 
elements of interest. The use of the appropriate internal standards (74Ge, 151n or 209Bi) 
corrected for instrument drift and low level suppression. Polyatomic and doubly 
charged oxide interferences were investigated and proved to be non problematic. 
Interlaboratory comparison using an ELAN 6000 ICP-MS at the University of Norway 
confirmed the quality control procedures developed at the University of Surrey. An 
intermethod comparison using INAA further reinforced those results obtained by ICP- 
MS at both the University of Surrey and the University of Norway on a range of 
CRM's and real environmental samples. 
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3.1 Introduction 
The A34 Newbury bypass has been a cause for concern since its initial 
conception in 1965. The presence of anti-bypass demonstrators resulted in local and 
national media attention, especially with regards to the effect a dual carriageway 
system may have on the local environment west of Newbury, Berkshire. Consequently, 
a study investigating the possible effect this road system may have on the immediate 
environment was undertaken. The following chapter investigates the route of the A34 
Newbury bypass prior to, and during road construction, in order to evaluate possible 
heavy metal contamination post bypass opening (within aquatic and terrestrial 
systems). An assessment of the stormwater facilities along the bypass may provide data 
concerning the impact on receiving watercourses. The impact of the Newbury bypass 
upon the existing A34 roadway will also be studied in response to a lowered average 
daily traffic density. 
Stormwater from the A34 Newbury bypass is designed to discharge into the 
rivers Lambourn, Kennet (both designated SSSI systems) and Enborne. Consequently, 
a programme monitoring these aquatic systems, in addition to selected terrestrial sites, 
may provide valuable information regarding possible anthropogenic input into : the, 
immediate environment along the length of the A34 Newbury bypass. Various study 
sites were established so as to monitor the bypass corridor before and during the 
construction period, and for period of 7 months post-bypass opening. Studies 
investigating heavy metal dispersion and accumulation rates in relation to ADT, traffic 
flow characteristics and local topography will be addressed. 
A study of the balancing pond facilities along the Newbury bypass in terms of 
heavy metal removal efficiencies may provide information upon the impact of 
stormwater discharge on the receiving watercourses. The facilities will be investigated 
in terms of sedimentation removal and heavy metal stormwater profiles during storm 
events. The full effect of sediment remobilisation and maintenance programs cannot be 
fully understood within the 7 month post opening period. Therefore, an assessment of 
existing stormwater facilities along the London Orbital M25 motorway is included to 
provide valuable information about the possible long-term sediment remobilisation by 
successive storm events and the impact of minimal maintenance upon the quality of the 
receiving watercourses at Newbury. 
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3.2 The Existing A34 Roadway 
The A34 road system passes through Southern-Central England connecting the 
M40 motorway in the north and the M3/M27 network in the south. An assessment of 
the roadside heavy metal content along the Newbury section of the existing A34 
roadway was undertaken in July 1997-June 1998 using roadside dust, surface soil and 
vegetation. The existing A34 roadway through Newbury can experience periods of 
very heavy traffic congestion, especially during peak flow conditions. A succession of 
roundabouts produce acceleration, deceleration, stop-start, braking and manoeuvring 
driving patterns, especially at the intersections with the M4, A4, A343 and A339 road 
systems (see Figure 3.2.1). 
Consequently, a new bypass to the west of Newbury was proposed in 1990 and 
constructed in 1996-1998 in order to solve traffic congestion. In order to evaluate the 
impact of opening a new bypass upon the existing urban roadway. In addition, 
knowledge of present ADT's and pollutant loadings along the existing A34 roadway 
may help predict future levels for the A34 Newbury bypass. A preliminary site 
evaluation was made in July 1997, with subsequent collections in Nov 1997 to evaluate 
heavy metal variations due to seasonal effects. The importance of roadway runoff 
stormwater discharge into a local watercourse, namely the river Kennet, was also 
included as an existing non-treatment facility where the existing A34 roadway crosses 
this river in the central Newbury area (between roundabouts for the A4 and A343). 
3.2.1 Site description and sampling 
Study sites: the section of the A34 under investigation begins 3 miles north of the 
A34/M4 intersection and proceeds through the town of Newbury (population of 
35,000 people), terminating 2 miles south of the bypass route (Figure 3.2.1). The road 
section is approximately 11 miles in length and consists of a conventional asphalt 
constructed dual-carriageway system. Along this length there are 6 roundabouts, three 
of which are traffic light controlled (junction with M4, A4 road, and central local 
access). The road edge is predominantly a grass verge with associated kerbs, although 
through central Newbury there are frequent stretches of tarmac pavements. The 
average daily traffic (ADT) volume is typically 40,000, consisting of 17 % HGV 
(Heavy Goods Vehicles) and 83 % of LGV (Light Goods Vehicles) and PLG (Private 
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Light Goods) vehicles. Various road bridges are located across the A34 north of 
Newbury. Background samples (non-motorway) were collected from a site along the 
Newbury bypass route prior to construction. 
1 
A34 
5 
M4 Site 5 
40638 (33984) 
i 
i 
Route of / 
13 A4 Site 13 
Newbury bypass ý 
53370 (31027) 
0 (44134) 17 
1 A343 
34348 (27033) 
\ 
36315(30261) 
N 
I 
21 0 A339 Site 21 17531 (25397) 
A34 24187 (6836) 297 
Fig 3.2.1 Typical average daily traffic density through Newbury with accompanying 
sampling locations 1-29, (values in brackets represent predicted daily 
traffic densities in the year 2010) 
Sample location and collection: a few authors have identified accelerating and 
decelerating traffic flow conditions as important factors that can affect the extent of 
deposition into the roadside compartment [Habibi, 19731. In view of the importance 
of driving conditions on pollutant loading, sampling was undertaken at major 
roundabouts where stop-start, accelerating/decelerating and manoeuvring patterns 
predominate. Sites experiencing steady state traffic flow were also sampled. In total 29 
sampling sites were evaluated on 22nd July 1997 on both the north and south-bound 
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carriageways of the A34 from East Ilsley to 1 mile south of the A339/A34 intersection. 
Samples of roadside dust, surface soil (top 2 cm) and vegetation were collected. For 
roadside dust, a 50 cm2 quadrant was positioned in the roadside gutter adjacent to the 
kerb. All dust within the quadrant was subsequently removed by the use of a soft brush 
into polypropylene bags and sealed. Surface soil and vegetation involved a different 
collection regime, where a single sample was collected using a plastic trowel at a point 
1m away from the pollutant line source, usually behind the roadside pavement. Masses 
of 50 g and 20 g were collected for surface soil and vegetation samples, respectively 
(see section 2.2.1). Climatic conditions during the sampling period remained dry at 
25°C. No significant rainfall had been recorded in the region of the sampling area for 
43 days (antecedent dry period) prior to sample collection. 
3.2.2 Heavy metal deposition along the existing A34 in the roadway 
Roadside dust: often consists of inert dust and soil particles, emission particle 
products and wear and tear particulates. Roadside dust can act as a reservoir for heavy 
metal contaminants but is dependent upon factors that include traffic density, 
topography, wind direction, road age, seasonal variation and any antecedent dry period 
prior to sample collection. The antecedent dry period is very important during a storm 
event as the heavy metal component of roadside dust can be substantially reduced as 
particulate and dissolved material can be transferred into the drainage systems (see 
section 4.4.1). The heavy metal composition of roadside dust taken along the length of 
the study area is summarised in Table 3.2.2 (a). The results report an arithmetic mean 
and range for each element in comparison with typical literature values from a study 
using the same sampling and analysis procedures for material collected along the 
London Orbital M25 motorway in 1993 [Ward and Savage, 19941 and the M1 
motorway in 1985 [Ward, 1990]. 
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Table 3.2.2 (a) Elemental levels of roadside dust along the A34 roadway through 
Newbury (mg/kg, dry weight) 
A34 Newbury* M25 London** M1*** Background* 
Element Mean Range Mean Mean Mean 
V 354 204-613 645 180 <50 
Cr 400 218-667 536 130 <100 
Mn 3850 2070-6540 5090 2695 <300 
Fe (%) 1.6 1.1-2.9 4.1 2.7 <2 
Co 16 11-29 42 18.0 8.0 
Ni 271 121-416 430 161 <200 
Cu 210 128-348 260 22 <50 
Zn 2160 730-4487 1750 320 <600 
Cd 8.5 6.6-12 9.6 2.0 5 
Sb 36 19-57 83 NV 0.75 
Pb 310 204-553 8600 NV <100 
* 1996-8, typically 40,000 vehiclestday 
** junctions 10-13 of M25,1993, typically 125,000 vehicles/day 
***junctions 21-41 of M1,1985, typically 50,000-60,000 vehicles/day 
Reported values [Ward and Savage, 1994] 
NV - No Value 
Data from the M25 and M1 motorway systems can not be critically compared with 
those obtained on the A34 primarily due to differences in ADT, traffic flow patterns 
and the age of the road. However, general trends can be deduced from this data in 
order to highlight inconsistencies. The results show that the elemental content of the 
roadside compartment through Newbury is higher than typical background levels. Both 
the M1 and A34 at the time of study had a similar ADT of 40,000 and 50,000 vehicles, 
respectively. However, heavy metal levels in roadside dust along the existing A34 are 
approximately two-fold higher than those reported along the M1. Copper, zinc and 
cadmium levels show an increase of approximately 4 to 8-fold higher than those 
reported along the M1. The inconsistent traffic flow along the A34 through Newbury 
may partly explain these differences, although vehicle type and the changing fuel 
composition must also be taken into consideration. As previously mentioned a 
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succession of roundabouts along the A34 can produce stop-start and 
accelerating/decelerating traffic flow conditions and may result in a higher wear on 
vehicular components. The exceptionally high levels of Cu, Zn and Cd can be traced to 
their source as components of brake linings and tyre wear. 
The elemental dust levels along the A34 are consistent with a larger road 
system such as the London Orbital M25 motorway, where the average daily traffic 
densities are typically three times higher than those of the A34 (see Table 3.2.2 (a)). 
For example, the mean concentration of cadmium found in roadside dusts along the 
A34 (8.5 mg/kg) is comparable to those found upon the M25 (9.6 mg/kg). A similar 
trend is reported for heavy metals associated vehicle wear components, such as zinc 
and copper. The decrease in the use of leaded fuel since the early 1990's may explain 
the lower lead concentration found in roadside dusts along the A34 (1998) in 
comparison to the M25 (1993). 
Surface Soil: sources of motorway-derived heavy metal contamination can arise from 
airborne deposition as a result of traffic movement and turbulence. The elemental 
content of surface soils in comparison to roadside dust shows a decrease of between 
43 and 75 % (dependent on the element). As previously indicated, the surface soil 
sampling sites were located at a distance of 1m from the road edge due to the 
presence of a roadside pavement. Studies have shown that the quantity of heavy metal 
deposition can dramatically fall in an exponential fashion at distance from the road 
edge [Cowgill et aA, 19841 and may in part account for the decrease in contaminant 
loading found in these surface soils. The heavy metal composition of surface soil along 
the study section is summarised in Table 3.2.2 (b) along with published values for the 
London Orbital M25 motorway (1993), and M1 motorway (1985) [Ward, 1990 ; 
Ward and Savage, 19941. Background values (non-motorway) are reported for 
samples collected at a site along the route of the proposed Newbury bypass prior to 
construction. The heavy metal content of surface soil is higher than associated 
background or non motorway contaminated soil. 
Roadside surface soil represents a long-term pollutant monitor (see section 
4.4.1) and consequently the heavy metal levels found are dependent upon not only 
ADT but also the age of the road. At the time of sampling the A34 roadway and the 
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M1 motorway had been both in operation for approximately 16 years, with similar 
ADT densities. Consequently, a review of Table 3.3.2 (b) reveals similar heavy metal 
levels for both the A34 and the M1 studies, with the exception of high copper and zinc 
from along the A34. The inconsistent traffic flow patterns through Newbury 
undoubtedly act to increase wear on brake linings and may account for the increased 
level of copper and zinc found in surface soil. In contrast, higher levels of cadmium 
(tyre wear) were not observed along the A34, relative to the M1 study as previously 
observed for roadside dust. Cadmium from tyre particles may be relatively large and 
may not be dissipated far from the road edge along the A34 due to slow traffic 
movement and minimal turbulence. Higher traffic speed and flow patterns along the 
M1 may aid in heavy metal (elemental) dispersion, via traffic movement and 
turbulence. 
A comparison of A34 roadside surface soil data with the higher heavy metal 
levels found along M25 shows the importance of ADT levels (125,000 vehicles). 
However, the copper levels found in surface soils from along the A34 are significantly 
higher than those found along the M25 motorway, and in part may be due to the 
inconsistent traffic flow patterns along the A34 which may allow a higher deposition of 
brake pad dust particles. 
The relationship between the heavy metal levels in roadside dust and surface 
soil along the existing A34 roadway is graphically shown by a scatter, plot 3.2.2 (a). 
The graph shows a good correlation between the heavy metal concentrations of 
roadside dust and surface soil as indicated by a Pearson correlation coefficient (R2) of 
0.9659. The highly correlated heavy metal levels may in part be explained by 
deposition from a similar source, i. e. road traffic activity. The correlation may be 
dependent on factors such as (i) residence time in the dust or soil profile and (ii) 
differences in particle sizes for both dust and surface soil, and therefore subsequent 
removal from the sampling area through vehicle turbulence or precipitation events. 
Roadside vegetation: for this study the roadside vegetation was assessed in an 
unwashed form. Table 3.2.2 (b) summarises the heavy metal content of roadside 
vegetation in comparison to studies performed along the London Orbital M25 
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motorway in 1993 [Ward and Savage, 19941 and the M1 in 1985 [Ward, 19901. 
Background samples from the Newbury bypass route were also evaluated. 
600 
500 
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E 300 
200 
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0 
Dust (mg/kg) 
Fig 3.2.2 (a) Correlation between roadside dust and soil along the existing A34 
roadway 
R2 Pearson correlation coefficient 
The results show that the heavy metal content of unwashed vegetation is 
substantially higher than that for background levels and is similar to that reported along 
the Ml in 1985. However, the magnitudes of Cd, Zn and Cu levels are significantly 
higher than those reported in vegetation along the M25 motorway in 1993. The 
relationship between the heavy metal levels in the roadside surface soil and vegetation 
is graphically displayed in Figure 3.2.2 (b). Unlike the relationship between roadside 
dust and surface soil, the correlation is weaker between surface soil and vegetation (R2 
= 0.8492). Roadside vegetation is seasonal and as such, higher levels may be expected 
in the summer where growth rates are greatest and ADT density is reported to be a 
maximum Crump et A, 1980b1. Surface soil can be regarded as a long-term 
pollutant monitor and is not greatly affected by seasonal variation (see section 1.4). 
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Fig 3.2.2 (b) Correlation between roadside soil and unwashed vegetation along the 
existing A34 roadway 
R2 Pearson correlation coefficient 
3.2.3 Traffic flow characteristics 
A review of all the sampling sites for each heavy metal under investigation 
reveals a similar profile along the length of the study area. As expected, the highest 
levels of motorway-derived heavy metal deposition were found around those sites that 
have accompanying acceleration/deceleration, stop-start, braking and manoeuvring 
traffic flows (roundabouts). 
Traffic movement and flow is an important factor. Whilst a vehicle is under 
deceleration and/or braking conditions a higher wear is placed upon vehicular 
components. For example, tyres can deposit cadmium and zinc through rubber 
particulates (Specht and Lagerwerff, 19701 and brake linings contain and may emit 
particulate copper into the neighbouring roadside environment [Ward, 19901. Also, 
during acceleration any particulate material deposited within the exhaust system is 
released, resulting in a higher contaminant loading than a corresponding vehicle 
travelling at a constant speed. The sites that produced acceleration/deceleration and 
braking traffic flow patterns were found exclusively at the locations where roundabouts 
are present, especially sites, 5 (M4), 13 (A4), 17 (A343), 21 (A339). Heavy metals 
that have a highly increased level of deposition in relation to the pattern of vehicular 
movement include Pb, Cd, Cu, Zn and Ni. Conversely, the roadside compartment 
within areas of regular vehicle movement have reduced levels of metal deposition. 
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The Pb, Cd, Cu and Zn profiles along the existing A34 roadway through Newbury for 
roadside dust, surface soil and vegetation are shown in Figure 3.2.3 (a). It is clear that 
raised heavy metal levels exist for all media at the main intersections (roundabouts). In 
order to evaluate the impact of traffic flow patterns upon heavy metal deposition along 
the A34 the sampling sites were grouped into steady state traffic flow (sites 1,3,7,8, 
15,22,25,29) and accelerating/decelerating flow patterns (sites 5,13,17,21). Table 
3.2.3 reports the elemental mean and standard deviation values for roadside dust. A 
Student t-test calculation was also carried out to statistically evaluate whether there is 
a significant difference in elemental levels between the two traffic flow groups. 
Table 3.2.3 A comparison of heavy metal differences in sites experiencing steady 
state traffic flows and accelerating/decelerating flow patterns in 
roadside dust (mg/kg, dry weight) 
Element Steady state traffic flow 
mean (s. d) 
Accelerating/decelerating flow 
mean (s. d) 
locale Value 
Cr 357 (97) 495 (118) 3.85 S** 
Ni 210 (53) 344 (58) 7.22 S** 
Cu 194 (68) 297 (33) 5.81 S** 
Zn 1040 (290) 2670 (1260) 5.31 S** 
Cd 8.51 (0.48) 10.7 (0.9) 9.28 S** 
Pb 232 (19) 436 (66) 12.5 S** 
Student t" test; At the 95% confidence interval ItIc11 is 2.10 for n=18 
(s. d) - standard deviation 
s** a 99 % confidence interval 
The results for the Student t-tests at the 95 % confidence interval where, 
ItIc, it=2.10 (for 18 degrees of freedom) shows a statistical difference between the two 
types of site for all elements studied. Furthermore, the difference is also significant at 
the 99 % confidence interval (S**). The statistical evaluation provides evidence that 
accelerating/decelerating, stop-start and manoeuvring traffic flow patterns can release a 
higher heavy metal loading than a corresponding steady state flow pattern. 
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During busy periods when traffic density is at a maximum the traffic flow can 
degrade into stop-start driving conditions. Under such conditions vehicles can release 
other elements that may not be deposited at such high levels from a steady state 
moving vehicle. These elements include V, Cr, Mn, Co, Ni and Sb which are related to 
periodical engine sump and hydraulic fluid losses. However, the profile for these 
elements along either side of the roadway is not well understood, as their sources do 
not directly relate to vehicular wear components, such as brake linings and tyre wear 
or fuel combustion products. The elemental profile of V, Cr, Mn, Co, Ni and Sb levels 
in roadside dust along the A34 through Newbury is shown in Figure 3.2.3 (b). 
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Fig 3.2.3 (b) Comparison of V, Cr, Mn, Co, Ni and Sb levels in roadside dust along 
the eastern side of the existing A34 roadway through Newbury 
This data shows that a higher deposition of these heavy metals is present throughout 
the Newbury town section (sites 11-22) and at the intersection of the M4 (site 5) in 
contrast to the sections of the A34 where sustained vehicle movement is possible (sites 
1-3 and 23-29). 
3.2.4 Average daily traffic density 
Inspection of daily traffic density data throughout Newbury shows an average 
of 40,638 (A34/A4) vehicles arriving and 36,315 (A34/A339) vehicles leaving the 
town area, with the highest density of approximately 53,370 vehicles at the A34/A343 
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intersection. Figure 3.2.1 shows the typical average traffic density levels for the 
existing A34 roadway and adjoining roads in 1996. 
A comparison of traffic density values along the existing A34 roadway with 
heavy metal deposition shows an inconsistent profile. Furthermore, this inconsistency is 
similar for all matrices and heavy metals' studied. Figure 3.2.4 shows the relationship 
between roadside dust and traffic density for Pb, Cd, Cu and Zn along the eastern side 
of the roadway. For sites south of Newbury where the traffic density and vehicle 
movement is constant (sites 23-29), a consistent and reduced heavy metal deposition is 
reported. However, at sites where traffic density levels change over relatively short 
distances, a similar profile is not reported. Intersections, such as the A34/M4 (site 5) 
and A34/A4 (site 13) clearly show that Pb, Cd, Cu and Zn levels do not directly relate 
to traffic density. At these sites, the succession of roundabouts produces very high 
heavy metal levels but with an inconsistent deposition pattern. Traffic flow is important 
but not the sole factor that influences the relationship between traffic density and heavy 
metal deposition along the roadside environment. Other studies have reported 
important factors include: 
(i) vehicle type, such as HGV, LGV, PLG and motorcycles; all of which will 
produce differing wear characteristics upon the road surface, 
(ii) vehicle speed, which will affect the amount of gaseous and particulate 
emissions, vehicle wear components, turbulence and spray characteristics, 
(iii) the condition and maintenance of each vehicle, especially in terms of tyre 
wear, brake linings, rust activity and fuel consumption, and 
(iv) the vehicle fuel type, for example petrol (unleaded/leaded) and diesel, 
which will produce differing gaseous and particulate emission products due 
to their differing elemental compositions. 
3.2.5 Prevailing wind direction 
The prevailing wind direction and topography along the A34 road system may 
influence the dispersion and accumulation of heavy metals via aerosol, particulate, dust 
and spray. 
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A review of the data indicates that there is a greater contaminant burden for most 
heavy metals, in roadside dust, surface soil and vegetation along the east side or 
downwind sampling sites. Figure 3.2.5 shows a comparison between the east and west 
side sampling sites for lead in roadside dust. The prevailing wind may account for the 
higher burden found at the east side sampling sites. However, a few anomalies exist 
especially at sites 9 and 11. An inspection of these sites showed the presence of a road 
bridge at site 9 and a roadside cutting at site 11. The presence of bridges, underpasses 
and cuttings can effectively reduce the influence of the prevailing wind direction on the 
dispersion of motorway-related pollutants along a highway corridor. The data for other 
heavy metal profiles show similar trends. 
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Fig 3.2.5 East and west sampling sites for lead in roadside dust along the A34 
roadway, Newbury 
3.2.6 Seasonal variation 
Seasonal variation was evaluated by a re-sampling of twelve key sites along the 
existing A34 roadway in the winter of 1997. The data for roadside dust and surface 
soil are summarised in Table 3.2.6 (a) which shows a mean, standard deviation and 
Student t-test value for each heavy metal in both seasons. As previously discussed in 
section 1.4.2 seasonal variation can produce conflicting results. Student t-test 
evaluation at the 95 % confidence interval (where ItIcri, =2.18 for 12 degrees of 
freedom) reveals, in general, no statistical difference for the heavy metals in both 
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matrices. An exception exists for of vanadium and chromium in surface soil. In both 
cases higher values occur during the summer period. However, at the 99 % confidence 
interval no variation exists between V and Cr in the two seasons. 
However, the results are not surprising when one considers the relative merits 
of assessing a long-term pollutant indicator such as surface soil and to a lesser extent 
roadside dust. The heavy metal component of roadside surface soil reflects deposition 
since the opening of the existing A34 roadway (17 years) and consequently seasonal 
variation has little effect upon this reservoir. An inspection of the results does however 
reveal consistently lower levels in winter months for both roadside dust and surface 
soil, although a Student t-test calculation shows this to not be statistically different. 
Data reporting the removal of heavy metals in roadside dust and soil, presumably by 
higher rainfall within the winter months, is described in section 4.4.1. 
Data on roadside vegetation reveals differences in seasonal variation in 1997, as 
summarised in Table 3.2.6 (b). Evaluation (Student t-test) at the 95 % confidence 
interval reveals a statistical difference between seasons for all elements under 
investigation, with the exception of cadmium. The data further reveals higher 
contaminant loadings in the summer months which may be due to ADT levels, as these 
have been reported by other authors to peak in summer months [Crump et al., 
1980b]. 
Table 3.2.6 (b) Seasonal variation in elemental content at sites along the existing 
A34 through Newbury for roadside vegetation (mg/kg, dry weight) 
Element Summer mean (s. d) Winter mean (s. d) ItIcac value 
V 37.5 (6.9) 29.7 (6.4) 2.91 
Cr 6.62 (0.99) 4.72 (1.02) 4.63 
Mn 271(37) 203(44) 4.12 
Fe 947 (105) 711 (115) 5.26 
Ni 10.3 (2.0) 6.9 (13.8) 3.00 
Zn 47.6 (7.6) 31.8 (9.8) 10.1 
Cd 3.98 (0.71) 1.75 (1.19) 0.58 
Pb 29.2 (9.6) 23.0 (19.1) 3.38 
Student t-test; At the 95% confidence interval It Ici, is 2.18 for n=12 
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3.2.7 Summary 
The succession of roundabouts along the A34 road through Newbury produce 
acceleration/deceleration and stop-start driving patterns. As such, the vehicular-derived 
heavy metal deposition is higher than one would expect from a road system with an 
average daily traffic density of 40,000 vehicles. The highest levels of deposition 
predominate at these roundabouts, and are comparable to the constant traffic flows 
present upon the London Orbital M25 motorway in 1993, where an average daily 
traffic density of 125,000 is common [Ward and Savage, 19941. 
Trends between the heavy metals studied show a more defined pattern of metal 
deposition for those that are directly related to vehicular wear components, such as Cd, 
Cu, and Zn. Higher levels of these metals exist at roundabout sites than for those 
associated with other vehicular components such as V, Cr, Mn, Co and Sb, which are 
derived from bodywork rust and lubrication losses. 
This study has revealed the importance of traffic flow patterns, period of 
vehicular activity, prevailing wind direction and average traffic density on heavy metal 
deposition into the roadside compartment. A similar study investigating heavy metal 
deposition along the A34 Newbury bypass will focus on the important factors revealed 
in this study. Furthermore, the data reported in this study will provide a comparison for 
the heavy metal levels found along the A34 Newbury bypass after its opening in Nov 
1998. 
The future environmental impact of the new A34 Newbury bypass upon the 
existing A34 roadway will be investigated after the bypass is operational. It is predicted 
that a significant number of vehicles will not use the existing A34 roadway through 
Newbury post-bypass opening (Fig. 3.2.1) and thus a lowering of ADT will be 
reported. This road system will also provide a unique opportunity to study any changes 
in heavy metal levels in response to a lowered ADT (see section 3.4.3). 
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3.3 The A34 Newbury Bypass 
The A34 Newbury bypass is an all purpose 9 mile dual-carriageway trunk road. 
At the southern end it connects with the existing dual-carriageway near Tot Hill and at 
the northern end it joins the A34 Donnington link, approximately '/2 mile south of the 
M4 Chieveley interchange. The bypass constitutes part of Euroroute E05, a dual- 
carriageway system of 1,200 miles from the Firth of Clyde via Southampton and Le 
Havre to Burgos in northern Spain. By the Department of Transport's own admission, 
the bypass was primarily constructed to speed traffic from Southampton to 
Birmingham rather than to alleviate Newbury's traffic problems [Newbury Weekly 
News, 25/1/961. 
The route of the western bypass leaves the existing A34 roadway and swings 
west to clip Snelsmore Common (SSSI) before heading south to cross the river 
Lambourn and river Kennet (both designated SSSI in 1995). It then crosses the Kennet 
and Avon Canal and the London to Penzance railway. From there it passes over the 
river Enborne using (for approximately 4 miles) the line of a disused railway. Figure 
3.3 shows a schematic of the Newbury bypass. 
3.3.1 History 
Although bypass routes for the A34 round Newbury were proposed in 1936 and 1965, 
serious investigations did not began until the 1980's. A total of 39 routes were 
assessed by the Department of Transport and after careful consideration four bypass 
routes were chosen; one to the west; one to the east and two through the centre. The 
Department of Transport sought the views of the public in 1982 and in 1985, published 
their preferred route to the west of Newbury. 
Local opinion became divided with residents living near the published route 
forming the `Society for the Prevention of the Western Bypass' (SPEWBY) and those 
residents living in the Newbury and Thatcham areas forming the Newbury Bypass 
Supporters Association. An inquiry in 1988 sought public opinion on ten variations of 
the western route. The outcome was published by the Secretary of State for the 
Environment in July 1990. A western route with some modifications was approved. 
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Further protests by anti-bypass demonstrators in 1995 prompted the Secretary 
of State for the Environment to request a study ensuring the published route was the 
best solution. Meanwhile, a group of local businesses opposed to the western bypass 
formed the `Campaign of Business People for an Alternative to the Western Bypass' 
(CAMBUS). These included a tunnel alternative (rejected due to cost implications of 
£250-300 million) and improvements to the existing A34 roadway by replacing 
roundabouts with graded junctions. The campaigners were unsuccessful in preventing 
the western bypass route. 
In January (1996) site clearance commenced with tree removal along the 
bypass route. Tree felling prompted violent clashes between security guards and 
protesters. The protests gained national media coverage with articles appearing in The 
Daily Telegraph, The Times and The Independent. The articles reported how 
suspension of clearance work by protesters subsequently resulted in nine people 
requiring hospital treatment. Further protests were carried out resulting in 116 arrests 
in the following eight days [The Guardian, 17/1/961. The extensive media coverage 
persuaded influential people such as Johnny Morris and David Bellamy to lend their 
support towards the bypass protest [The Daily Telegraph, 26/1/961. 
On the 26`h January (1996) an eviction notice was served for 4 of the 9 
protester sites set up along the route [Newbury Weekly News, 30/1/961, with the 
other notices issued in the following week. As a final bid to stop the bypass a march 
was conducted on the 12`h February (1996) attracting over 7,000 protesters [The 
Daily Telegraph, 12/2/961. 
On the 16 `h July (1996), five months after initial construction, a rare snail 
Vertigo Moulinsiana was found on Speen moor, directly along the bypass route. A 
High Court ruling resulted in relocation of the snails to a site adjacent to the river 
Kennet. Eleven days after this hearing, Costain, the construction company responsible 
for the bypass, halted trading following a drop in the company share value from £200 
to £20.2 million. 
Despite all the problems the Newbury bypass was eventually completed and 
opened on the IOth November 1998. In August 1999, the bypass was closed for re- 
surfacing due to road surface deterioration. An investigation found the porous asphalt 
road surface was laid at the wrong temperature. 
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3.3.2 Sampling strategy 
The route of the A34 Newbury bypass, as described above, bisects a number of 
key sensitive environmental sites. The route of the bypass was constructed on virgin 
land with little anthropogenic activity, albeit a disused railway line. Therefore, the 
prime aim of this study was to monitor a number of environmental matrices in order to 
assess any anthropogenic input from the new bypass system, during construction and in 
the first 7 months post-opening. The sampling strategy needed to assess the impact of 
the system on the roadside ecosystem can be sub-divided into site types; i. e. terrestrial 
and aquatic. 
Terrestrial sites: chapter 1 described the transport mechanisms of highway 
contamination from vehicular movement. To recap, during dry weather periods 
atmospheric deposition and turbulence from vehicular movement will disperse vehicle 
derived pollutants away from the road edge. During wet weather conditions spray 
generated from vehicular movement, in addition to wet atmospheric deposition, aid in 
the deposition of pollutants away from the road. 
Transects or sampling sites set up at various distances from the road edge have 
been traditionally used to investigate dispersion of heavy metals into the roadside 
compartment [Little and Wiffen, 1978 ; Ward, 19891. Other factors affecting 
dispersion of pollutants, such as prevailing wind direction and topography have also 
been studied using transects [Reinirkens, 1996]. Thus, a number of transects were set 
up to monitor heavy metals in surface soil and vegetation at key sites along the bypass 
(see section 3.3.3 for site descriptions). 
Seasonal variation remains an important factor that can influence the level of 
heavy metal contamination in the roadside compartment. Studies by Crump et al. 
(I 980b) revealed the level of heavy metal contamination can change on a seasonal 
basis. In order to critically assess any post-bypass opening changes in the metal content 
of surface soil and vegetation post-bypass opening, a thorough investigation into pre- 
opening seasonal variation was required. Sampling was undertaken on a monthly basis 
for a period of six months and thereafter seasonally during the pre-opening period on 
ten occasions (July `96-November '98). 
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Aquatic sites: as described above, the route of the Newbury bypass crosses three river 
systems, namely the rivers Lambourn, Kennet and Enborne. The rivers Lambourn and 
Kennet have been designated as SSSI (Sites of Special Scientific Interest). The 
Lambourn receives direct discharge from two balancing pond facilities (Ponds J and 
K), and the Kennet receives direct discharge from one facility (Pond H) and two 
through indirect discharge (Pond E and F/G). The Enborne also receives direct 
discharge from one facility (Pond D). 
An assessment of the water quality within these river systems, both in the pre- 
and post-bypass opening periods, will prove valuable in assessing the effectiveness of 
the balancing pond facilities used along the new bypass. As described in section 1.3, 
water is considered a short-term or transient pollutant monitor. However, river 
sediments can be regarded as long-term sinks for water pollution. 
The monitoring of river water and sediment both up and downstream of the 
outlet to these balancing pond facilities will allow an assessment of any heavy metal 
changes post-bypass opening. In an analogous fashion to the terrestrial sites, the heavy 
metal levels in each aquatic site were assessed ten times during the pre-opening period 
in order to establish a representative data baseline (see section 3.3.3 for site 
descriptions). 
3.3.3 Site description 
The geological structure around the Newbury area consists of Cretaceous 
Chalk and Limestone. Soil classification is predominantly Brown Earths, with a texture 
class of Coarse Loam. The Chalk and Limestone parent rock produces a soil pH 7.2 
with a low organic carbon content (generally 2 %) (McGrath and Loveland, 19921. 
Along the 9 mile length of the Newbury bypass (see Figure 3.3) heavy metal 
levels at four terrestrial sites (surface soil and vegetation) and three aquatic sites (river 
water and sediment) were routinely assessed (see section 3.2 for sampling strategy). 
Each of these sites will be described separately by geographical location proceeding 
from north to south along the bypass route. 
184 
Cromwells Glen: a terrestrial site located approximately one mile from the northern 
end of the bypass. Three transects have been constructed, two to the west and one to 
the east of the bypass route. Both of the transects to the west of the route are 
approximately 30 m below the elevated road level. One of the transects is through a 
tree plantation, whilst the other has been constructed through an open field. 
The tree transect has well drained Brown soil with an 0 soil horizon rich in 
organic material. No grass is present. The transect through the open field has a poorly 
drained Gleyed Brown soil, with little or no 0 soil horizon. The A soil horizon has less 
organic material and is composed largely of feldspar, silica and carbonate minerals. For 
both west sites a transect from 0-50 m perpendicular to the road at 10 m intervals was 
implemented. Figure 3.3.3 (a) shows a schematic of the east and west sampling sites in 
relation to the bypass. 
Cromwells (WT) 
Cromwells (WO 
50 40 30 20 10 
Metres 
IIIIIII 
bypass 10 20 30 40 50 100 200 O =Sampling sites Metres 
Fig 3.3.3 (a) Schematic of the Cromwells Glen site 
The transect to the east of the bypass was established in an open disused field. 
The transect was approximately 2-3 m below the elevated road level (200 m at 10 m 
intervals to 50 m then 100 m and 200 m intervals). The transect has well drained 
Brown soil with a predominant A soil horizon consisting of feldspar, silica and 
carbonate minerals [Loveland and McGrath, 19921. 
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River Lambourn: an aquatic site was established approximately 2 miles from the 
northern end of the bypass in the Lambourn valley. The river Lambourn is a Chalk- 
lined system with a porous structure and as such has a large groundwater content. The 
river sediment is primarily composed of parent rock i. e. Calcareous based. Due to the 
nature of the parent material and subsequent high calcium levels, the river water is very 
hard. The river system was accredited with a SSSI designation in 1995 and boasts a 
wide diversity of aquatic flora. The water depth in the river at the various sampling 
sites varies between 15 and 90 cm with a very fast flow. 
Sampling was undertaken of river water and sediment at six major sampling 
locations along the river system from upstream of the bypass to approximately 400 m 
downstream. The sampling sites were selected in order to assess any impact from the 
two balancing pond facilities that discharge into this river system. Figure 3.3.3 (b) 
shows a schematic of the river system and sampling sites. 
Pond K 
Pond K discharge 
0 
bypass 
Pond J discharge 
10 = Sampling sites 
Fig 3.3.3 (b) Schematic of the river Lambourn site 
River Lambourn 
River Kennet: a terrestrial transect close to the river bank and the river system itself 
was selected as the site in the Kennet valley, approximately 3'/z miles from the northern 
end of the bypass. The terrestrial transect was located on the west side on the bypass 
route (0-40 m at 10 m intervals). The surface soil was classified as a Brown soil, 
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benefits from good drainage and has a large A soil horizon. Samples of the surface soil 
and overlying vegetation (grass) were collected from this disused field. 
The river Kennet is a Chalk-lined river system which periodically links with the 
Kennet and Avon canal along its length through the Newbury area. The river sediment 
is composed primarily of parent rock, i. e. Calcareous-based, in addition to accumulated 
bottom sediment. The water quality is good but degrades at points where it links with 
the Kennet and Avon canal. The river system was also accredited with a SSSI 
designation in 1995 and has a depth of between 0.5 and 1.5 m within the study area, 
with moderate water flow. 
A balancing pond facility discharges directly into the river Kennet downstream 
of the bypass route. Sampling of river water and sediment along the river from 
upstream of the bypass to approximately 100 m downstream of the bypass was 
undertaken. (Figure 3.3.3 (c)). 
Kennet Field transect 
40 30 20 10 
Metres 
River Kennet 
= Sampling sites 
bypass 
T 
Fig 3.3.3 (c) Schematic of the river Kennet and field site 
Foxgrove Nursery: a terrestrial site was selected approximately mid-way along the 
bypass. A transect was constructed (0-130 m at 10 m intervals, with the exception of 
50-100 m) across a pasture field on the east side of the bypass which is 1.5 m below 
the elevated road. Soil, classified as Brown soil rich in feldspar, silica and carbonate 
minerals, and grass were sampled (Figure 3.3.3 (d)). 
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Fig 3.3.3 (d) Schematic of the Foxgrove Nursery site 
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River Enborne: an aquatic site was established approximately 6 miles from the 
northern end of the bypass. The river Enborne, a Chalk-lined small tributary to the 
river Kennet emerges from the ground at Hatch House Farm near West Woodhay and 
terminates into the river Kennet to the east of Newbury at Woolhampton. The river 
Enborne along its whole 13 mile length is a small slow moving shallow river with an 
average water depth of only 15 cm. The water quality is generally good albeit where 
the river crosses the existing A34 roadway just south of the intersection with the A339 
(see section 3.3.5). The river was selected for study, as a large balancing pond 
discharges directly into the system. Sampling of river water and sediment along the 
river system from upstream of the bypass to approximately 15 m downstream of the 
bypass was undertaken. (Figure 3.3.3 (e)). 
Sampling sites 
bypass 
Fig 3.3.3 (e) Schematic of the river Enborne site 
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The Chase: this terrestrial site is located approximately 7 miles from the northern end 
of the bypass. The chase is a small part of Great Pen Wood owned and managed by the 
National Trust. A small transect in the tree profile (0-20 m at 5m intervals) was 
established at approximately 4m below the elevated roadway. The well drained soil 
has a predominant 0 soil horizon, rich in organic material, with the A soil horizon 
consisting of chert and flint on limestone parent rock. No grass was present and 
therefore only surface soil was investigated (Figure 3.3.3 (f)). 
Chase Forest 
"= Sampling sites 
Metres 
Fig 3.3.3 (f) Schematic of the Chase woodland site 
3.3.4 Pre-opening baseline data 
N 
bypass 
The baseline data for along the Newbury bypass route represents over 1,290 
samples taken over a period of 2'/2 years. For each sample, 12 elements were measured 
producing 15,480 elemental results. As previously described, each sampling point was 
assessed monthly for the first half year and thereafter seasonally, yielding ten replicate 
sampling periods. 
For brevity, the data has been compiled by presenting the mean elemental 
content for each medium at each sampling site. For example, at the field transect 
adjacent to the Foxgrove Nursery, ten surface soil and vegetation samples were 
collected (along the transect 0-130 m perpendicular to the roadway). These results 
were averaged along with those collected during the other sampling visits. Therefore, 
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20 15 10 5 
the results obtained represent ten samples collected at ten sampling periods or n=100 
(see Table 3.3.4 (a)). The baseline results are grouped by matrix into surface soil, 
vegetation, river water and sediment as shown by Tables 3.3.4 (a), 3.3.4 (b), 3.3.4 (d) 
and 3.3.4 (e) respectively. 
Table 3.3.4 (a) summarises the surface soil data which shows a good degree of 
agreement between elemental levels found at each site. The results are not surprising as 
geological variation in soil composition is probably small over the 9 mile study area. 
However, in comparison with other sites, low levels of Co, Ni and Mo were found at 
the Chase forest site and low levels of molybdenum have been detected at both Chase 
and Kennet sites. 
As described in section 3.3.3 each sampling site varies in soil composition that 
is partly dependant on the immediate environment. For example, the Chase forest site 
and the Cromwells Glen tree site have a higher level of organic material and thus 
differing ligands available for metal binding (see section 4.4.2). It may be these ligands 
that are responsible for reducing residence time of various trace elements, or aiding in 
their downward migration. Furthermore, the terrestrial transects were selected in 
relation to site integrity (no disturbance during the sampling period). However, the 
land usage (e. g. agricultural practices, grazing, crop harvesting etc. ) prior to sampling 
has not been identified and may explain inter-site trace element differences. 
Surface soil data is comparable with typical background levels quoted in the 
literature [Kabata-Pendias and Pendias, 1986 ; Ward, 1989] and is reviewed in 
section 1.1.2. The elemental data for vegetation summarised in Table 3.3.4 (b) shows 
good agreement between sites. The results are comparable with typical background or 
non-contaminated vegetation elemental levels as summarised in Table 3.3.4 (c). 
However, the elemental levels in grass collected from the Kennet site are not consistent 
with the other sites. Elevated nickel and lead may possibly result from previous 
agricultural activities. 
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Table 3.3.4 (c) The elemental content of a typical plant sample (mg/kg, dry weight) 
Element Concentration Element Concentration 
Vanadium 0.5 Copper 5.0 
Chromium 0.2 Zinc 30 
Manganese 80 Molybdenum 0.3 
Iron 120 Cadmium 0.1 
Cobalt 0.08 Antimony 0.06 
Nickel 1.0 Lead 1.0 
[Ward, 1989] 
The trace element composition of river water from the three rivers that cross 
the bypass are similar in magnitude, as seen in Table 3.3.4 (d). 
Table 3.3.4 (d) Baseline trace element levels for river water prior to the opening of 
the A34 Newbury bypass (µg/1) 
Element River Lambourn River Kennet River Enborne 
mean (s. d) n=80 mean (s. d) n=70 mean (s. d) n=50 
V 0.41 (0.03) 0.34 (0.03) 0.35 (0.01) 
Cr 0.58 (0.04) 0.45 (0.04) 0.52 (0.02) 
Mn 2.31 (0.08) 2.63 (0.20) 2.64 (0.05) 
Fe 34.6 (0.9) 32.8 (1.3) 35.8 (0.8) 
Co 0.04 (0.01) 0.05 (0.01) 0.04 (0.01) 
Ni 0.19 (0.01) 0.48 (0.05) 0.21 (0.01) 
Cu 2.16 (0.04) 2.48 (0.05) 2.64 (0.03) 
Zn 10.1 (0.3) 12.1 (0.8) 10.1 (0.1) 
Mo 0.32 (0.02) 0.33 (0.03) 0.31 (0.03) 
Cd 0.05 (0.01) 0.07 (0.01) 0.03 (0.01) 
Sb 0.31 (0.01) 0.48 (0.04) 0.38 (0.02) 
Pb 2.18 (0.03) 2.52 (0.05) 2.51 (0.04) 
(s. d) = standard deviation 
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Raised levels of nickel, zinc and cadmium found the Kennet river site could possibly 
arise from the periodic linking of the river with the Kennet and Avon canal. The canal 
is used by pleasure craft and was constructed with steel reinforced banks. The trace 
element data reported for these river systems is consistent with the levels found by 
other authors [Pagenkopf, 1978]. Table 1.1.1 summarises the typical trace element 
levels found in natural waters with accompanying typical chemical forms. 
The trace element data for river sediment is summarised in Table 3.3.4 (e) and 
in general shows good agreement between all sites. However, manganese levels are 
consistently lower along the river Lambourn than those reported along the other river 
sites. Studies by Gibbs (1977) and Tessier et al. (1988) have shown manganese in river 
sediment to be primarily associated with hydroxides in the 0.1-1 µm size range. The 
river Lambourn in contrast to the other rivers, is a comparatively fast-flowing river 
and, therefore, fine sediment material can be easily transported downstream away from 
the study area. 
Table 3.3.4 (e) Baseline trace element levels for river sediment prior to the 
opening of the A34 Newbury bypass (mg/kg, dry weight) 
River Lamboum River Kennet River Enborne 
Element mean (s. d) n=80 mean (s. d) n=70 mean (s. d) n=50 
V 43.9 (0.6) 39.5 (2.3) 60.1 (1.0) 
Cr 43.5 (1.2) 56.4 (1.6) 56.1 (0.4) 
Mn 107(5) 401 (11) 409(7) 
Fe 8295 (115) 9690 (260) 11200 (60) 
Ni 15.4 (0.3) 17.8 (0.5) 16.6 (0.5) 
Cu 12.2 (0.5) 13.6 (0.9) 11.2 (0.4) 
Zn 47.1 (0.8) 48.5 (3.1) 53.6 (1.2) 
Cd 0.29 (0.04) 0.26 (0.03) 0.24 (0.04) 
Sb 0.48 (0.01) 0.65 (0.05) 0.47 (0.03) 
Pb 18.4 (6.6) 14.8 (0.8) 22.4 (0.7) 
(s. d) = standard deviation 
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In summary, a review of all the baseline data reveals little change over the 2%z 
year sampling programme as shown by the standard deviations accompanying each 
mean value. The percentage relative standard deviations for all elements in all matrices 
range from approximately 1-15 %. The lack of variation suggests seasonal variation of 
the uncontaminated sites is minimal. More importantly, the results also suggest that 
minimal disturbance or contamination occurred at those sites throughout the 
construction period of the bypass. 
The replicate analysis (n=10) for each sampling point and sampling location 
provides a very comprehensive set of baseline values. Data collected from sampling the 
post-opening bypass environment can be critically compared with the baseline data. 
Heavy metal concentrations that exceed the mean and s. d baseline results can, with 
good confidence, be apportioned to anthropogenic input. 
A review of the published papers on highway pollution reveals that most 
studies have concentrated on post-contaminated sites. References made to background 
levels are often from a `typical background', uncontaminated reference values or from 
an assessment of a nearby site. Reference values are often quoted as ranges and 
differences in soil composition, climatic conditions and anthropogenic activity are often 
not considered. The importance of assessing the background or pre-contaminated 
study area is imperative to establish a true indication of any anthropogenic input during 
the initial stages of road opening. 
3.3.5 River systems through Newbury 
Three river systems, namely the rivers Lambourn, Kennet and Enborne along 
with the Kennet and Avon canal run through Newbury. The road network through 
Newbury is complex, accommodating the M4, A4, existing A34 roadway, Newbury 
bypass, A339 and A343. The river systems cross and undoubtedly collect stormwater 
from a number of these major roads, along with other B classification road systems. A 
study in July 1997 (pre-bypass opening) was undertaken in order to assess the effect of 
these road systems on river sediment and water heavy metal levels. The study was 
undertaken during a storm event after a 27 day antecedent dry weather period. 
The aim of this study was three fold; 
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(1) to identify river pollutant point sources originating primarily from road 
runoff. To further ensure point sources upstream do not interfere with the 
correct interpretation of post-opening bypass data, collected immediately 
downstream of the bypass; 
(2) to study the effect that road runoff downstream of the existing A34 roadway 
may have on river sediment and water heavy metals levels. Data produced at 
these points may provide a generalised model for the worst case scenario 
which could be expected immediately downstream of the bypass. Unlike the 
bypass, the stormwater generated from the existing A34 roadway receives 
no formal treatment and could be used to demonstrate the downstream 
effect a large storm event may have on a flooded balancing pond; and 
(3) to study the effect water volume, water flow and phase distribution of heavy 
metals (dissolved and particulate bound forms) have on the dispersion and 
transportation of pollutants downstream from motorway or road discharge 
points. 
A schematic of the canal and three river systems under study, with the 
accompanying road network around Newbury, is shown in Figure 3.3.5 (a). The 
schematic shows the locations of each sampling site along each river system. The 
sampling strategy was devised in order to identify possible pollutant sources, 
predominantly from existing road traffic activity. 
The river Lambourn: sampling on the river Lambourn was undertaken starting south 
of Welford, continuing through Newbury and terminating prior to the intersection with 
the river Kennet. Along the Lambourn route, the river passes under the M4, Newbury 
bypass, B4494, A34, B4409 and the A4. Overall, ten sites were evaluated as shown in 
Figure 3.3.5 (a). The most important sites in terms of potential anthropogenic input are 
sites 2 (M4), 8 (A34) and 10 (A4). Table 3.3.5 summarises the sediment and water 
data taking an average of all sites along the river Lambourn. A review of Table 3.3.5 
shows elements, such as Cu, Zn, Cd and Pb, have large standard deviation values 
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(RSD's > 96 %) for both river sediment and water data implying a variation due to 
natural and anthropogenic input into the river. 
The sediment and water profiles for the aforementioned Cu, Zn, Cd and Pb are 
graphically displayed in Figure 3.3.5 (b). For each heavy metal, the sediment and water 
results are superimposed on one graph with accompanying sampling sites. All the 
heavy metals show a similar profile, where the highest sediment and water levels are 
found downstream of the M4 and A34. As expected, due to ADT, the magnitude of 
the heavy metal levels found immediately downstream of the M4 are higher than the 
corresponding sites downstream of the A34. The profiles further show contamination 
from the M4 decrease quickly from this point source and will not interfere with the 
bypass results. 
The data for all elements show that the lowest heavy metal levels are found 
along the bypass route, where anthropogenic input is minimal. The sampling sites 
downstream of the A34 show elevated levels (compared to typical uncontaminated 
sites) of 4 fold (lead) to 12 fold (cadmium). The profiles can be used as a generalised 
model for the worst case scenario upon the bypass, whereby no formal treatment is 
given (i. e. a flooded balancing pond facility). However, it is stressed that the existing 
A34 roadway has double the ADT of the Newbury bypass and often experiences stop- 
start traffic flow problems. 
The dispersion of Pb, Cd, Cu and Zn away from a motorway or road pollutant 
point (i. e. downstream of the existing A34 roadway) show differing trends. In addition 
to water volume (dilution) and water flow (transportation), phase distribution of heavy 
metals may in fact be important in terms of dispersing chemical pollutants along the 
river from an input source. For example, consider the sampling points downstream of 
the M4 in Figure 3.5.5 (b). For lead, the concentration in river water decreases rapidly 
to background levels after the next sampling site, whereas the sediment concentration 
remains raised for the next two downstream sites. Morrison et al. (1984) studied the 
phase distribution (relative percentage of metal found in the particulate and dissolved 
forms) in stormwater and found lead to be at a 10 % soluble level. The data is 
confirmed by studies investigating stormwater along the London Orbital M25 
motorway and the A34 Newbury bypass (see section 4.5). Consequently, the relatively 
small percentage of lead found in the soluble form is quickly diluted and dispersed. 
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The majority of the lead found within the particulate form is transported by this fast 
flowing river and forms part of the sediment further downstream. 
The phase distribution for cadmium has been reported by Morrison et al. 
(1984) as approximately a 50 % soluble level (confirmed by section 4.5) resulting in a 
different profile downstream of the M4 intersection as shown in Figure 3.3.5 (b). In 
this case the river sediment levels quickly decrease downstream of the discharge point 
leaving the 50 % soluble level of cadmium to travel further downstream. 
The river Kennet: sampling was undertaken from Hungerford to Woolhampton along 
which the river links with the Kennet and Avon canal. Ultimately it passes under the 
Newbury bypass, A34 and the B3421. Overall 11 sites were sampled along the river as 
shown in Figure 3.3.5 (a), ensuring each site was not near a canal link (with the 
exception of the A34). Table 3.3.5 summarises heavy metal levels for sediment and 
water samples. The data shows especially large standard deviations for Pb, Cd, Cu and 
Zn due to selection of both natural and potentially contaminated sites. 
Sediment and water profiles are represented in Figure 3.3.5 (c) and are less 
complex than for the river Lambourn, with the A34 as the only major pollution source. 
The enrichment factors for the each metal, between 4 (lead) and 30 (cadmium), are 
higher than expected, probably due to additional anthropogenic input from the Kennet 
and Avon canal. Consequently, the data from the sampling points downstream of the 
existing A34 roadway, although useful, may not provide a good indication of the worst 
case scenario for a flooding incident downstream of the Newbury bypass. 
The dispersion profiles for Pb, Cd, Cu and Zn (sediment and water) downstream of the 
existing A34 roadway are similar to those reported along the river Lambourn. Again, 
anthropogenic soluble lead is quickly dispersed whereas the insoluble lead that 
contributes to the sediment layer is carried further downstream. However, soluble 
cadmium remains at relatively high levels downstream of the discharge point, with 
accompanying sediment decreasing to background levels relatively quickly. 
The study along the river Kennet confirms that the presence of anthropogenic 
point sources upstream of the bypass route, (predominately from mixing with the 
potentially contaminated Kennet and Avon canal) will not interfere with data from 
samples collected from downstream of the bypass. 
201 
(Udn)' M 
ON0O 
O kfj 
C) 
Q 
O 
iU 
11 
10 
9 
B3421 
7 
A34 
Bypass 
4 
3 
2 
1 
o00000 
00 
ooQ IC o00Co00 
(2jw) JuawipaS (Sj w) )uaw! pas 
a) 
(I/ n) ia1EM (u ) ýaýýM 
> 
00 IC 'IT " CD cq 
,0 m 
1ä 
11 
10 
9 
B3421 
7 
A34 
Bypass 
4 
3 
2 
1 
10 
9 
B3421 
7 
A34 
Bypass 
4 
3 
2 
1 
OOOOOO 
O o0 ýD N'0 
000000M 
(O)U`dw) iuawipas (2I/5w) luawipas en 
(I/On) Ja1ýM 
oo000oa 
U 
N 
11 
0 
10 
aý .r 
9 
1.0 
B3421 
0 
7 
a) 
A34 
Bypass 
4 
v 
3 
H 
2 
U 
Vl 
202 
The Kennet and Avon Canal: in an analogous fashion to the river Kennet, sampling 
was undertaken from Hungerford through Newbury to Woolhampton. The canal links 
with the river Kennet on a number of occasions throughout the study area and crosses 
under the existing A34 through Newbury. Anthropogenic input from pleasure craft in 
combination with leaching from the metal-lined canal produces sediment and water 
heavy metal levels approximately two (for zinc) to six times (for cadmium) higher than 
for the corresponding river system (Figure 3.3.5 (d)). These elevated levels may lead to 
sediment and water quality degradation of the river Kennet at points where the two 
systems combine. 
The river Enborne: sampling on the river Enborne was undertaken starting at Hatch 
House farm and terminating prior to the intersection with the river Kennet. Along the 
study route the river crosses under the Newbury bypass, A343, existing A34 roadway 
and A339 road systems. Overall, 9 sites were evaluated as shown in Figure 3.3.5 (a). 
Table 3.3.5 summarises the results for sediment and water. A review of the data in 
Table 3.3.5. shows large standard deviations for Pb, Cd, Cu and Zn in a similar fashion 
to the other river systems. 
Figure 3.3.5 (e) shows the river sediment and water profiles for Pb, Cd, Cu and 
Zn along the river Enborne with accompanying sampling locations. The results show 
anthropogenic input from the A343, A34 and A339 road systems. The profiles also 
show the absence of any anthropogenic input upstream of the bypass route. 
Downstream of the route the combination of the A343, A34 and A339 has produced 
enrichment factors of between 3 (zinc) and 10 (cadmium). The heavy metal profiles 
downstream of the A34 are difficult to interpret due to the presence of the A339 
further downstream. 
To summarise, this study of the three river systems and canal has shown that no 
pollutant sources upstream will interfere with the correct interpretation of data 
obtained from sampling sites immediately downstream of the bypass route. Inspection 
of the data produced from sampling sites downstream of the existing A34 roadway 
may provide a general model for the worst case scenario expected from a flooded 
stormwater pond facility. 
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The dispersion and transportation of heavy metal pollutants may be dependent on their 
relative percentages in the soluble and insoluble phases. The data reported in this study 
may aid in the interpretation of any subsequent heavy metal profiles reported 
downstream of the balancing pond facilities along the A34 Newbury bypass. 
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3.4 Post-opening Terrestrial Surveys at Newbury 
The A34 Newbury bypass was officially opened at lam on the 17`h November, 
1998. Over the next 7 months a comprehensive evaluation of the bypass was 
undertaken. The investigations into anthropogenic heavy metal contamination from the 
bypass can be sub-divided into an evaluation of. 
(i) heavy metal accumulation of roadside dust, surface soil and vegetation 
along the A34 Newbury bypass, 
(ii) heavy metal accumulation of roadside dust, surface soil and vegetation at 
varying distance from the A34 Newbury bypass (transects), and 
(iii) the effect the A34 Newbury bypass has on the relative levels of heavy 
metals found along the existing A34 (now A339), 6 months post-bypass 
opening. 
3.4.1 Accumulation along the A34 Newbury bypass 
The aim of this study was to evaluate the accumulation of heavy metals along a 
newly opened road system. The study may provide valuable information on the 
accumulation rates of a number of anthropogenic heavy metals and to establish 
whether the accumulation follows a defined pattern (linear or exponential). 
Interpretation of the 7 month post-opening accumulation data may further reveal the 
effects of prevailing wind direction or topography bias along the bypass. 
Site description: the route of the 9 mile A34 Newbury bypass is described in section 
3.3. Along this route, 14 sampling sites on both sides of the carriageway were 
constructed in a similar fashion to the assessment of the existing A34 roadway through 
Newbury (see section 3.2). The bypass is a dual carriageway system with a porous 
asphalt road surface and roadside kerbs. Along the bypass there are graded junctions 
with the A343 and the A4, and consequently four short slip roads. Average daily traffic 
density levels have remained constant through the seven months of the study period, at 
approximately 20,000 vehicles per day. Nine road-and five foot-bridges cross the 
bypass. 
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Sample location and collection: a review of the literature investigating the 
accumulation of heavy metals in the initial stages of a new road system is extremely 
limited. One study has assessed the accumulation of lead in surface soil from a section 
of the M25 motorway within the first year of opening [Ward, 19891. This study only 
assessed the motorway site on four occasions over intervals of 1 week, 1 and 6 months 
and 1 year post-opening, and only for lead. Within this study, a sampling frequency of 
1,2, and 4 wks, 1.5,2,3,5 and 7 months post-opening was employed in order to 
critically assess the initial post-opening period of the bypass. 
In contrast to the study investigating the existing A34 roadway, the absence of 
roundabouts allows an almost constant traffic flow pattern along the bypass. However, 
the Newbury bypass route crosses both the Lambourn and Kennet valleys and 
experiences short steep and long gradual inclines and declines. Consequently, a 
situation may still exist where acceleration (up inclines) and deceleration (down 
declines) may prevail. The 14 sites along both sides of the bypass were located at sites 
that were most suitable to investigate the possible effects of acceleration and 
deceleration from inclines and declines. Figure 3.4.1 (a) shows a schematic of the 
sampling locations with accompanying topography profiles. These sites were often 
adjacent to bridges for easy identification. 
Sample collection of roadside dust, surface soil and vegetation (grasses) 
followed an identical regime to that described in the existing A34 roadway study (see 
section 3.2). Insufficient roadside dust prevented sample collection during the pre- 
opening and 1-2 weeks post-opening bypass periods. Sample collection of surface soil 
and vegetation was undertaken adjacent to the roadside kerb (i. e. 0m from the 
roadside edge). Where possible sample collection was undertaken during dry weather 
periods. During the study period the road did not receive any formal de-icing salt 
applications. 
7 month post-opening data: as described in section 1.4, the elemental content of 
roadside dust, surface soil and vegetation depends primarily on ADT and to a lesser 
extent topography, wind direction and seasonal variation. During the first 7 months, 
the post-opening bypass study has produced insufficient data to assess any seasonal 
impact on the accumulation of heavy metals along the bypass. The impact from 
topography and prevailing wind direction will be addressed later in this section. 
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Fig 3.4.1 (a) Schematic of the Newbury bypass with accompanying sampling sites 
and topography profile 
Insufficient roadside dust during both the pre-opening and first two weeks 
post-opening periods resulted in no background or uncontaminated data. 
Consequently, Table 3.4.1 (a) compares the heavy metal data produced from the 4 
week and 7 months post-opening period in terms of mean and standard deviation 
values for all 28 sites on either side of the roadway. A statistical evaluation of the two 
data sets using a Student t-test is also presented. Data from roadside dust collected 
along the existing A34 roadway is also included. The data reveals a statistical increase 
(at the 95 % confidence interval) in heavy metal levels for roadside dust between the 4 
weeks and 7 months post-opening bypass period. Furthermore, the data also reveals a 
statistical difference for all elements studied at the 99 % confidence interval. 
The rate of heavy metal accumulation in roadside dust and the accompanying 
enrichment factors will be discussed in the following section. Comparison of the 
existing A34 roadway data with the 7 month post-opening bypass data clearly shows 
little consistency in terms of heavy metal levels. During the 7 months post-opening 
period heavy metal levels along the bypass were between 10 % (molybdenum) and 400 
% (zinc) lower than those found on the existing A34 roadway in 1998. Geological 
variation is probably minimal between sites and therefore the results clearly reflect 
differences in period of vehicular activity and ADT. The existing A34 roadway has 
been in operation for approximately 17 years with an ADT of - 40,000 vehicles whilst 
in contrast the Newbury bypass has only been operational for 7 months with an ADT 
of only - 20,000 vehicles. Comparison of heavy metal levels in surface soils along both 
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road systems reveals a greater degree of variance within the existing A34 roadway 
data. The traffic flow patterns along the Newbury bypass are more consistent than 
those for the corresponding existing A34 roadway (due to the absence of 
roundabouts). Consequently, the collated data from the length of the existing A34 
shows a higher degree of variability (standard deviation) than the corresponding bypass 
sites (see section 3.2). 
Table 3.4.1 (a) Elemental levels in roadside dust along the A34 Newbury bypass 
(mg/kg, dry weight) 
Element Post-opening (4Wks) 
mean ± s. d 
Post-opening (7M) 
mean ± s. d 
Itlcic value Existing 
A34 
V 73.8±6.5 238± 16 45.2 S** 354± 130 
Cr 82.6±6.7 230± 16 44.4 S** 400±241 
Mn 628±13 912±7 105 S** 3850±2120 
Fe (%) 1.56 ± 0.01 1.76 ± 0.01 148 S** 1.60 ± 0.80 
Co 5.05±0.24 11.8±0.9 50.1 S** 16.0± 5.2 
Ni 28.1±2.9 103±8 50.6 S** 271±89 
Cu 49.1±2.9 100±9 36.1 S** 210±93 
Zn 216 t 15 531 ± 43 45.1 S** 2160 t 1340 
Mo 1.69 t 0.12 3.99 ± 0.30 39.4 S** 4.45 t 1.36 
Cd 1.06±0.14 5.87±0.39 78.1 S** 8.50±4.94 
Sb 2.51 t 0.25 13.2 ± 1.0 59.4 S** 36.0± 12.9 
Pb 37.9+4.1 175 ± 15 56.4 S** 310± 123 
Post-opening (4Wks) -4 weeks Post-opening (7M) -7 months 
Student t-test; At the 95% confidence interval ItIcj, is 2.05 for n=28 
S** = statistical difference at the 99 % confidence interval 
The elemental content of surface soils along the Newbury bypass is 
substantially lower than for roadside dust. Surface soil collected from along the 
Newbury bypass represents a combination of natural and anthropogenic metals. Table 
3.4.1 (b) compares the pre-opening and 7 months post-opening surface soil levels from 
the 14 sites along the Newbury bypass. The table also compares elemental levels from 
the existing A34 roadway and ICRCL maximum admissible values (Inter-departmental 
Committee on the Redevelopment of Contaminated Land). 
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Table 3.4.1 (b) Elemental levels in surface soil along the A34 Newbury bypass 
(mg/kg, dry weight) 
Element Pre-opening 
Mean ± s. d 
Post-opening 
Mean ± s. d 
ItIc, 1, Value Existing 
A34 
ICRCL 
guidelines 
V 43.4±7.5 99.6±6.7 25.6 S** 135±63 NV 
Cr 42.3 ± 8.1 74.3 ± 5.2 16.6 S** 100 ± 46 1000** 
Mn 287 ± 61 821 ±6 44.8 S** 2160: ±; 520 NV 
Fe(%) 0.96±0.06 3.0±0.01 175 S** 1.30±0.40 NV 
Co 4.22 ± 1.25 6.54 ± 0.49 9.18 S** 8.40 ± 3.60 NV 
Ni 12.3 ± 5.8 61.6 ± 13.6 30.7 S** 124 ± 3.8 70*** 
Cu 14.7±2.3 50.3±4.5 32.2 S** 110±51 130*** 
Zn 62.3 ± 4.8 242 ± 19 48.0 S** 590 ± 190 300*** 
Mo 0.88±0.55 1.66±0.12 8.26 S** 2.96±0.97 NV 
Cd 0.25±0.03 1.63±0.11 68.9 S** 3.10±1.80 3* 
Sb 0.60±0.24 11.0±0.9 61.9 S** 2.80±2.10 NV 
Pb 16.4±2.0 87.7±7.3 45.6 S** 27.0± 11.1 500* 
NV - No Value 
Student t-test; At the 95 % confidence interval Itlcnt is 2.05 for n=28 
S** = statistical difference at the 99 % confidence interval 
ICRCL - Inter-departmental Committee on the Redevelopment of Contaminated Land 
Planned uses: *- Domestic garden, allotments ** - Park, playing fields, open space 
*- Any uses where plants are to be grown 
Roadside surface soil generally represents a long-term pollutant monitor, but in 
this case the pollutant source is new and thus only short-term information can be 
gained. A comparison between the pre-opening and the 7 months post-opening heavy 
metal data reveals an anthropogenic enrichment of all metals studied. A statistical 
evaluation using a Student t-test (where jtlcrit=2.05 for n=28) shows a statistical 
difference between the pre-opening and the 7 month post-opening heavy metal data at 
the 95 % confidence interval. Furthermore, the data also reveals a statistical difference 
for all elements studied at the 99 % confidence interval. Cadmium and iron shows the 
largest anthropogenic enrichments in surface soil. Anthropogenic sources of cadmium 
from motor vehicles are predominantly from tyre degradation. High cadmium levels 
may result from steep road gradients producing braking conditions along the bypass. 
211 
As described in section 3.3 the Newbury bypass is the final link in a European HGV 
road system. Tyre wear from the large percentage of heavy goods vehicles using this 
roadway may partly account for the higher levels of cadmium found in roadside soil. 
Moreover, the road surface is porous asphalt and may, in addition, create higher levels 
of tyre degradation than a conventional asphalt system [Muschack, 19901. 
In comparison to the heavy metal levels reported along the existing A34 
roadway, lower elemental levels along the bypass (with the exception of iron) reflect 
not only a lower ADT but also a shorter period of vehicular activity. Iron has a high 
natural abundance in surface soils [Kabata-Pendias and Pendias, 19861 and 
consequently the data reported in Table 3.4.1 (b) may reflect slight differences in 
natural soil composition. The heavy metal levels reported along the bypass during the 7 
months post-opening period are lower than the guidelines quoted by the ICRCL for 
contaminated surface soil. Chromium, copper, zinc, cadmium and lead are substantially 
lower than the guidelines. However, the maximum level for nickel has almost been 
exceeded. The relationship between the heavy metal content of roadside dust and 
surface soil taken from along the bypass during the 7 months post-opening period is 
graphically represented by a scatter plot in Figure 3.4.1 (b). 
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Fig 3.4.1 (b) Correlation between roadside dust and surface soil along the 
Newbury bypass after 7 months post-opening 
Rz Pearson correlation coefficient 
The graph shows a good correlation between the heavy metal composition of 
roadside dust and surface soil. The correlation is better than the corresponding scatter 
plot using the existing A34 roadway data (see Figure 3.2.2 (a)) based on pearson R2 
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values). The relationship between roadside dust and surface soil is partly dependant on 
the residence time of anthropogenic heavy metals in the soil profile. Due to the relative 
infancy of the bypass system, the good correlation between roadside dust and surface 
soil may relate to minimal disturbances/degradation (both natural and anthropogenic) 
along the bypass. 
Table 3.4.1 (c) summarises the results obtained for unwashed roadside vegetation from 
the pre-opening and the 7 month post-opening periods and statistical evaluation a using 
Student t-test. The table also summarises elemental levels found in unwashed 
vegetation along the existing A34 roadway in 1997. 
Evaluation using the Student t-test at the 95 % confidence interval, shows a 
statistical difference between the pre and post-opening data (where ItIcnt 2.05 for 
n=28). Furthermore, the data also reveals a statistical difference for all elements 
studied (except iron) at the 99 % confidence interval. On average the heavy metal level 
is approximately 5 fold higher than non-contaminated vegetation levels. The magnitude 
of the heavy metal vegetation data is approximately half that found on the existing A34 
roadway, with the exception of manganese, iron and zinc. As previously indicated, iron 
and to a lesser extent manganese are found in high natural abundance within the soil 
profile. High iron and manganese levels may in fact result from atmospheric deposition 
onto waxy cuticle surfaces possibly from inert soil or dust particulates. 
The relationship between surface soil and vegetation is represented in Figure 
3.4.1 (c) by a scatter plot. The pearson correlation coefficient (R2=0.838) between 
roadside surface soil and unwashed vegetation does not show such a high degree of 
agreement as the corresponding roadside dust/surface soil relationship. A possible 
explanation lies in the sampling periods (winter for pre-opening and summer for 7 
month post-opening). Although heavy metal accumulation along the bypass increased 
throughout the study period, no influence from seasonal variation can be assessed due 
to these two independent variables. 
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Table 3.4.1 (c) Elemental levels in unwashed vegetation along the A34 Newbury 
bypass (mg/kg, dry weight) 
Element Pre-opening 
mean ± s. d 
Post-opening 
mean ± s. d 
ItIcaic Value Existing 
A34 
V 0.77+0.06 8.32+0.51 81.0 S** 28.3+7.4 
Cr 0.25 ± 0.05 3.32 ± 0.23 67.9 S** 4.94 ± 1.33 
Mn 255±7 561±5 173 S** 199+55 
Fe 804 t 92 843 t6 1.96 750 ± 180 
Co 0.17±0.02 0.39+0.03 33.8 S** 0.62+0.22 
Ni 0.78 f 0.06 4.01 ± 0.34 48.2 S** 7.36 f 2.02 
Cu 4.27±0.12 14.5± 1.2 47.1 S** 19.3±6.1 
Zn 24.3±2.0 56.2±3.5 41.8 S** 34.1±9.8 
Mo 0.11 ± 0.03 0.86 ± 0.05 63.3 S** 1.32 ± 1.26 
Cd 0.13±0.02 1.33±0.14 45.2 S** 2.64±0.92 
Sb 0.15 ± 0.03 0.63 ± 0.07 34.4 S** 0.99 ± 0.49 
Pb 0.72±0.08 8.71+0.70 61.1 S** 20.4+18.6 
Student t-test; At the 95 % confidence interval ItIcj, is 2.05 for n=28 
S** = statistical difference at the 99 % confidence interval 
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Fig 3.4.1 (c) Correlation between roadside surface soil and unwashed vegetation 
along the Newbury bypass after 7 months post-opening 
R2 Pearson correlation coefficient 
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Seasonal variation may therefore have an effect on the correlation between surface soil 
and unwashed vegetation. Particulate material coating leafed surfaces may be more 
important within the summer months when removal by rainwater is minimal. 
Traffic flow and topography: are important factors that affect the deposition of 
heavy metals into the roadside compartment (see section 1.4.2). Although the bypass 
has no roundabouts, the route experiences steep gradients from the passage across two 
valleys. Therefore, accelerating and decelerating conditions may still exist through 
traffic negotiating these road gradients. Figure 3.4.1 (d) shows the heavy metal profiles 
for Pb, Cd, Cu and Zn along the eastern side of the Newbury bypass. The profiles 
reveal that heavy metal deposition is not absolutely constant, and that each matrix is 
affected by an inconsistent deposition pattern. 
A closer inspection of the profiles reveals similar patterns for copper, zinc and 
cadmium but a different profile for lead. A review of the vehicular sources show 
copper and zinc associated predominantly with brake linings, cadmium associated with 
tyre wear and lead associated predominantly with exhaust emissions (and main 
bearings [Rayson, 1990]). As a vehicle is decelerating, greater wear is placed on brake 
linings and tyres. Conversely, during acceleration exhaust emissions are at their highest 
due to greater engine loading and the release of accumulated exhaust particulates. 
Thus, the differences in heavy metal profiles shown in Figure 3.4.1 (d) may 
originate from these acceleration/deceleration traffic flow patterns. Figure 3.4.1 (e) 
shows the lead and copper profiles in roadside dust and surface soil from each side of 
the bypass. 
The roadside dust and surface soil profiles show a similar pattern and thus may 
suggest the anthropogenic input is derived from the same source i. e. motor vehicle 
activity (see section 3.2 for the corresponding profile along the existing A34 roadway). 
A comparison of lead levels from the east and west side sampling sites (for both 
matrices) show different patterns. However, this is not surprising when one considers 
that a sampling site on an incline along the eastern roadside corresponds to a decline 
on the western side. On the eastern side, acceleration up the incline may result in 
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Fig 3.4.1 (e) The lead and copper profiles along the A34 Newbury bypass 
E= East side 
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greater exhaust emissions and conversely deceleration on the west side produces little 
emission. The same can be said for copper and indeed the other heavy metals studied. 
As lead is associated with exhaust emissions, (a greater burden found at 
inclining road sites and lower burden found at declining road sites) the deposition 
pattern loosely follows the topography profile (see Figure 3.4.1 (d)). For copper the 
reverse is true, whereby the lower burden is found at inclining road sites and greater 
burden found at declining road sites. 
Accumulation rates and enrichment factors: the data presented in the Tables 3.4.1 
(a), 3.4.1 (b) and 3.4.1 (c) show an accumulation of all heavy metals for all matrices. 
Figures 3.4.1 (0,3.4.1 (g) and 3.4.1 (h) show the accumulation of copper, zinc, 
cadmium and lead at each eastern side sampling site for roadside dust, surface soil and 
vegetation, respectively. An inspection of each graph shows a gradual heavy metal 
increase during the 7 month post-opening period. A plot of concentration (mg/kg) 
versus post-opening time (weeks) reveals that the accumulation of heavy metals in 
roadside surface soil follows an almost linear pattern. Figure 3.4.1 (i) graphically 
displays the non-weighted least squares regression line for each heavy metal. 
Table 3.4.1 (d) summarises the heavy metal post-opening accumulation data for 
all matrices in terms of enrichment factors (calculated from a ratio between the pre- 
opening and 7 month post-opening data) [Fergusson and Kim, 19911. Comparison of 
the enrichment factors for each matrix show little correlation. For V, Cr and Mn the 
enrichment factor decreases along the order surface soil > roadside dust > vegetation. 
However for elements that include Ni, Cu, Cd and Pb, the enrichment factors decrease 
along the order vegetation > surface soil > roadside dust. High enrichment factors for 
cadmium may partly result from the high proportion of heavy good vehicles using the 
bypass or the greater tyre degradation from the porous asphalt road surface 
[Muschack, 1990 ; Odey, 19981. 
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Table 3.4.1 (d) Enrichment of heavy metals along the A34 Newbury bypass 
(mg/kg, dry weight) 
Element 
ROADSIDE DUST 
Enrichment factor * 
SURFACE SOIL 
Enrichment factor 
VEGETATION 
Enrichment factor 
V 2.74 2.22 11.5 
Cr 2.51 1.52 11.9 
Mn 1.32 3.59 2.22 
Co 2.24 1.27 2.69 
Ni 2.86 3.55 5.74 
Cu 2.16 3.17 3.91 
Zn 2.69 3.15 2.49 
Cd 4.35 5.46 9.80 
Sb 4.32 18.2 5.00 
Pb 4.01 5.14 11.8 
*- Calculated from a ratio between pre-opening and 7 months post-opening data 
In summary, an investigation into accumulation of heavy metals within roadside dust, 
surface soil and vegetation along the edge of the Newbury bypass has revealed a 
statistically significant (> 95 % confidence level) increase in each heavy metal during 
the 7 months post-opening period. The heavy metal levels reported along the bypass 
during this period are lower than those quoted by ICRCL for contaminated surface 
soil. As experienced along the existing A34 roadway, heavy metal levels decrease as 
follows: roadside dust > surface soil > vegetation. A comparison of the actual heavy 
metal levels between the existing A34 roadway and the Newbury bypass show little 
consistency, primarily due to differences in ADT and period of vehicular activity. 
As detailed in section 3.2, the existing A34 roadway experiences an 
inconsistent traffic flow pattern (due to traffic flow problems and roundabouts) and 
thus an inconsistent deposition pattern. Heavy metal variation in samples collected at 
sites along the bypass may be due to the road topography, where steep inclines and 
declines prevail. During inclines, exhaust emission is maximum. Conversely during 
declines, emissions are minimum and wear and tear components (tyres (cadmium) and 
brakes (copper & zinc)) are maximum. Accumulation rates for all heavy metals during 
the first 7 months post-opening follows an almost linear fashion. 
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3.4.2 Heavy metal deposition at distance from the A34 Newbury bypass 
As described in section 3.3.3, six transects or sampling sites perpendicular to 
the A34 Newbury bypass were established. Of these four were open field transects 
with the remaining two within wooded areas transects. The purpose of this study was 
to assess the dispersion of heavy metals at distance from the bypass. Other authors 
(section 1.4.2) have reported distance from the road edge is important in assessing the 
impact of pollutant dispersion along a motorway [Little and Wiffen, 1978 ; Ward, 
1989]. These studies have shown an almost exponential decrease in contamination as a 
function of increasing distance from the road edge. Evaluation of various transect sites 
may identify possible effects of tree barriers and physical barriers on heavy metal 
dispersion and accumulation. To date, lead has been the focus of these dispersion 
studies. 
A comparison of pre-and 7 months post-opening heavy metal data for surface 
soil and vegetation is summarised in Tables 3.4.2 (a) and 3.4.2 (b), respectively. Three 
sites namely, Foxgrove Nursery, Kennet and the Chase, in addition to a selected 
transect from the three constructed at Cromwells Glen, are summarised in terms of 
mean and standard deviation for each heavy metal. The pre-opening data has been 
compiled from the baseline data as described in section 3.3.4. The 7 months post- 
opening data has been complied from a combination of all sites along the transects i. e. 
0-200 m for Cromwells Glen (east) and so on. 
Anthropogenic input from road traffic activity on surface soil and vegetation 
are similar and thus the trends in the data presented in Tables 3.4.2 (a) and 3.4.2 (b) 
are similar and will be discussed together. The pre-opening data (section 3.3.4), as one 
would expect, shows little variability within an individual transect, with relative 
standard deviations rarely exceeding 5% in either surface soil or vegetation. The mean 
heavy metal concentration along the transects during the 7 months post-opening period 
is higher with typical relative standard deviations of 60 to 110 %. The data complied 
over the entire transect clearly shows large differences in heavy metal levels at the road 
edge with those at a distance of 40 m or more. The large standard deviations reported 
in Tables 3.4.2 (a) and 3.4.2 (b) result from compiling data adjacent to the road edge 
(where heavy metal deposition is high) and data from points at distance from the road 
edge (where deposition is minimal). 
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The data supports studies undertaken by Ward et al. (1975) and Wheeler and Wolfe, 
(1979). 
Profiles: each transect shows a similar pattern for both surface soil and vegetation. 
Figures 3.4.2 (a) and 3.4.2 (b) shows the profiles for Pb, Cd, Cu and Zn along the 
Cromwells Glen (east) transect for surface soil and vegetation, respectively. For 
clarity, the 1-4 week post-opening data is not displayed. Profiles for surface soil and 
vegetation are similar and may indicate the presence of a similar source namely, dry 
atmospheric and wet deposition from vehicular traffic activity. Dotted lines on the 
graphs represent ±1 standard deviation of the baseline data and clearly show elevated 
heavy metal levels decreasing rapidly over the first 30 m perpendicular to the road 
edge. 
Figures 3.4.2 (c) and 3.4.2 (d) summarise the profiles for Pb, Cd, Cu and Zn in 
surface soil from the transects adjacent to the river Kennet and the Foxgrove Nursery, 
respectively. Again the 1-4 week data has been excluded for clarity and the dotted lines 
represent f1 standard deviation of the baseline data. The profiles are similar to those 
at the Cromwells Glen site. Data for the other heavy metals follow a similar pattern as 
experienced for Pb, Cd, Cu and Zn, with the majority of deposition occurring in the 
first 30 m perpendicular to the road edge. 
Topography: can influence the level of heavy metal deposition into the roadside 
environment. A study by Reinirkins (1996) showed that the presence of a roadside 
ditch affected deposition profiles away from the road edge. Along the bypass there is 
an ideal opportunity to study topography at the Cromwells Glen site where two 
identical transects are present, one through a tree lining (or barrier) and the other an 
open field. Figure 3.4.2 (e) shows the effect a tree barrier has on the deposition of Pb, 
Cd, Cu and Zn in surface soil with the dotted lines on the graph representing ±1 
standard deviation from the mean pre-opening data. 
The graphs show a more rapid decrease perpendicular to the road for the tree 
lining rather than the open field transect. For example, zinc has a concentration in 
surface soil of only 121 mg/kg at 20 m along the tree lining transect in contrast to 142 
mg/kg along the open field transect. The use of trees along the bypass may provide an 
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effective physical barrier in reducing the transportation of heavy metals via atmospheric 
deposition. Similar trends between the open field and the tree transects have been 
obtained for all heavy metals. The use of physical barriers along the bypass also 
provides an opportunity to study their effect on heavy metal deposition. A transect has 
been constructed through the Chase, a local wooded area at the southern end of the 
bypass. A3m high barrier at a distance of 3m perpendicular to the road edge, in 
combination with a tree lining resulted in a very rapid decrease of heavy metals as a 
function of distance from the bypass. Figure 3.4.2 (f) shows the deposition profile for 
lead in surface soil. The graph shows the accumulation of lead in surface soil occurs 
within the 15 m roadway corridor (dotted lines represent ±1 standard deviation from 
the mean pre-opening lead values). 
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Fig 3.4.2 (fj The deposition profile for lead in surface soil at the Chase 
Particle size: as described in section 1.4.2 may have a direct influence on the 
dispersion of heavy metals from the line of vehicular activity. Vehicular emissions 
produce particle sizes typically <10 pm in diameter and may be responsible for the 
deposition of Pb, Mn, Ni, Mo, and Sb. Particle sizes larger than 10 µm in diameter 
contain wear-and-tear products, such as brake dust (copper, zinc), tyre particulates 
(cadmium), body rust (iron) and welding (vanadium, chromium). 
The data reveal that heavy metals commonly associated with smaller particles 
generally travel further and are present at higher concentrations over greater distances 
from the bypass. Figure 3.4.2 (g) shows the relative deposition of lead (present in 
exhaust emissions and main bearings), nickel and copper and zinc (present in larger 
wear and tear particles) onto surface soil from a selected transect at the Foxgrove 
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05 10 15 20 
Nursery. To enable a comparison of the heavy metal dispersion patterns as a function 
of increasing distance from the road, a relative concentration has been employed. The 
difference between the pre-opening mean value at the road edge and that found during 
the 7 month post-opening period is denoted as 100 %. The concentration of all points 
along the transect is than calculated as a percentage of this level. Although actual 
concentration are not reported the graph only serves to illustrate differences in heavy 
metal dispersion and accumulation profiles. For clarity the values at the road edge have 
been excluded in order to highlight differences in lower levels reported at distance from 
the bypass. 
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Fig 3.4.2 (g) The deposition of heavy metals onto surface soil at Foxgrove Nursery 
Figure 3.4.2 (g) shows deposition profiles for copper and zinc follow a very 
rapid decrease with distance away from the line source of vehicular activity. In 
contrast, the deposition pattern for lead and nickel is less severe with elevated levels 
prevailing at greater distances. For example, lead and nickel concentrations have a 
relative concentration of 10 % up to 50 m perpendicular to the bypass. In contrast, 
deposition profiles for copper and zinc result in a relative concentration of <10 % at 
only 30 m. 
A number of authors have investigated particulate size fractionation of exhaust 
emissions and roadside dust [Cowgill et al., 1984 ; Lee and Touray, 1998]. Their 
results reveal copper and zinc are commonly associated with the particulates sizes > 50 
gm, whereas lead is found within the < 10 gm fraction. Consequently, deposition may 
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be dependent on particle size and thus vehicular source. Lead, Ni, Mn, Mo and Sb 
were detected at a higher concentration at greater distance from the road edge than the 
other heavy metals studied (Cu, Zn, Cd, Fe V and Cr). 
To summarise, the use of transects has enabled an investigation into the distance 
anthropogenic heavy metals can travel perpendicular to the bypass. The use of 
transects encompassing both open fields and tree-lined sites has revealed that the latter 
can aid in reducing the heavy metal dispersion and accumulation perpendicular to the 
road edge. A similar observation can be made with the use of a physical barrier at the 
Chase site. A study of the individual heavy metal dispersion and accumulation curves 
for each transect has revealed two profiles patterns that may be dependent on vehicular 
source. Exhaust emission particulates (typically < 10 µm) containing manganese, 
molybdenum and lead may in fact travel further away from the roadside compartment 
than the corresponding larger wear and tear particulates (cadmium from tyre wear, 
copper and zinc from brake linings and vanadium, chromium, and iron from rust and 
bodywork). 
3.4.3 Evaluation of the existing A34 roadway post-bypass opening 
Section 3.2 addressed the heavy metal trends found along the existing A34 
roadway through Newbury prior to the bypass opening. The A34 Newbury bypass was 
constructed primarily to divert through-bound traffic around the town centre. Since the 
bypass opening, the local traffic along the existing A34 roadway has been 
approximately 15,000-20,000 vehicles per day. A study was undertaken to assess the 
impact of a lower traffic density along the existing A34 roadway at a period of 6 
months post-bypass opening. In an analogous fashion to the previous studies on the 
existing A34 roadway, samples of roadside dust and surface soil were collected. 
Sample location and collection: in order to critically compare results obtained from 
the previous study along the existing A34 roadway, the sample collection procedures 
are identical to those described in section 3.2.1. No significant rainfall was recorded 32 
days prior to sample collection (compared with previous study 43 days). Samples were 
taken from sites 5,8,13,17,18,21 and 23 as described in section 3.2.1. 
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Heavy metal levels for roadside dust, surface soil and vegetation are summarised in 
Table 3.4.3. The table summarises the mean and standard deviation taking all 7 sites 
into consideration (summer '99), with those corresponding sites taken previously 
(summer '97). Statistical evaluation using Student t-tests between the two data sets 
reveal a statistical difference for each heavy metal in each matrix at the 95 % 
confidence interval, where ItIcr, is 1.75 for 17 degrees of freedom. The statistically 
lower concentrations found in the roadside compartment after the bypass had been 
operational for 6 months could be attributed to a lowering of ADT (from 40,000 to 
15,000-20,000). The sampling sites chosen for re-investigation in summer '99 included 
a number of sites adjacent to roundabouts and sites adjacent to steady state traffic flow 
conditions. Figure 3.4.3 (a) graphically displays each individual sampling site during 
summer '97 and '99 for Pb, Cd, Cu and Zn in surface soil. The figure shows similar 
loss due to reduced ADT within both roundabout and steady traffic flow sites. Trends 
for roadside dust and vegetation are similar. 
Figure 3.4.3 (b) compares the relative percentage decrease from summer '97 to 
summer '99 in terms of both matrix and heavy metal. The graph clearly shows a 
degradation (or decrease) that follows the order: vegetation > roadside dust > surface 
soil for all heavy metals. This order may highlight the ability of each matrix to retain 
heavy metals. The broad and flat leafed grass species abundant at the road edge are 
seasonal and consequently release the heavy metals retained during the growth season 
onto the underlying soil within the winter months. Furthermore, rainwater action may 
remove loosely bound atmospheric particulates from leaf surfaces during prolonged 
storm events. Roadside dust provides a better refuge for heavy metal particulates, with 
only high intensity storm events transferring appreciable amounts into drainage 
systems. Surface soil acts as a long-term heavy metal sink retaining 65-85 % of the 
total metal (see Figure 3.4.3 (b)). Surface soils contain a wide variety of ligands that 
can potentially immobilise or retain heavy metals [Kabata-Pendias and Pendias, 
19861. Section 1.1.2 describes in depth the affinity of heavy metals towards clay 
minerals, organic matter and soil solution [Irving and Williams, 19481. According to 
all sample matrices decreased changes in heavy metal levels occur relative to the order; 
Cd > Zn =Cu > Pb (i. e. a larger percentage of cadmium is lost). 
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Maiz et al. (1997) has quantified the soluble percentage of heavy metals in 
roadside soil using sequential extraction analysis and found solubility to decrease as 
follows; Cd > Zn > Mn > Cu > Pb > Fe. A similar investigation into the chemical forms 
found along the existing A34 roadway revealed an analogous trend within surface soil 
(see section 4.4.1). The data suggests that reduction in heavy metal burden along a 
road system (in response to a reduced ADT) may initially originate from rainwater 
leaching of exchangeable heavy metal forms. 
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Fig 3.4.3 (b) Relative decrease in percentage heavy metal concentration for 
roadside dust, surface soil and vegetation along the existing A34 
roadway 
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3.5 Post-Opening Aquatic Surveys at Newbury 
The construction of a new road system produces an impervious area and in the 
case of the Newbury bypass it is approximately 25 ha. Rainfall generated from this 
impervious surface can be dealt with in a number of ways (as described in section 1.5). 
Recently, balancing or detention ponds have been implemented to provide stormwater 
collection and attenuation for the primary function of flood prevention within receiving 
water bodies [Luker and Montague, 1994]. A secondary initiative has been the 
incorporation of pollution devices such as silt traps and oil interceptors. As described 
in section 1.5.3, many different types of balancing ponds have been developed. Most of 
these ponds are used in association with very large road systems, such as the M25, 
where they are present at approximately every three miles of the Surrey section 
(junctions 6-15). Nine balancing pond facilities have been constructed in order to 
collect stormwater from the 9 mile length of the Newbury bypass. In addition a chalk 
soakaway is located in within the Lambourn valley section. 
The data presented within this study has been sub-divided into sections, firstly 
evaluating the efficiency of the treatment facilities and, secondly those evaluating the 
impact these facilities have on the quality of both sediment and water within the 
receiving watercourses. 
3.5.1 The balancing pond facilities 
Nine balancing pond facilities have been installed along the A34 Newbury 
bypass. In terms of studying the impact these facilities have on the water quality being 
discharged into receiving watercourses, only balancing ponds with direct discharge will 
be considered. Balancing ponds J and K discharge directly into the river Lambourn, 
pond H into the river Kennet and pond D into the river Enborne. 
Site description: Figure 3.5.1 (a) shows a schematic of all the balancing ponds in 
relation to the river and road systems. 
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A34 
A4 
Lam bourn 
M4 
N 
K 
P 
Kennet 
Enborne 
A343 
A339 
Fig 3.5.1 (a) Schematic of the balancing pond facilities along the bypass 
Each balancing pond facility has a similar design incorporating an oil interceptor , silt 
trap and Biofiltration reed bed system. For brevity, pond K will be discussed in detail 
with Table 3.5.1 summarising the important features of all the facilities. 
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Table 3.5.1 Balancing pond dimensions and plant species 
Parameter Pond K Pond J Pond H Pond D 
Catchment area (ha) 1.58 3.40 3.10 2.00 
Pond size (m) 80X18 90x60 60x40 110X12 
Storage volume (m) 888 1650 2050 1020 
OR interceptor (1) 25500 25500 32500 15500 
Silt trap size (m) 13x1.5 18x1.5 18x1.5 13x1.5 
Interceptor size (m) 1x1.4 lx1.4 lx1.4 lx1.4 
Pond depth-D (mm) 100 600 800 600 
Pond depth-S (mm) 500 1800 1800 1600 
Reed - pond fringe B. erecta B. erecta A. nodiJlorum B. erecta 
M. aquatica M. aquatica S. erectum C. palustris 
S. erectum S. erectum I. Pseudacorus M. aquatica 
J. effusus J. effusus M. scorpoides S. erectum 
Reed - shallow bed C. riparia C. riparia P. australis P. australis 
Reed - deep bed G. maxima G. maxima G. maxima S. lacustris 
Reed - micropool C. stagnalis C stagnalis C. stagnalis P. pectinatus 
D- Dry weather 
S- Storm conditions 
Pond K is located approximately 10 m east of the Newbury bypass adjacent to the river 
Lambourn. Figure 3.5.1 (b) shows a schematic of the site design. Stormwater from a 
catchment area of 1.58 ha infiltrates porous asphalt and is collected via a perforated 
inlet pipe of 675 mm in diameter. Stormwater passes through an underground oil 
interceptor with a capacity of 25,500 litres prior to discharge into a silt trap. The silt 
trap consists of a concrete channel of 13 x 1.5 m with a constant water depth of 1.1 m. 
Discharge from the silt trap involves laminar flow across the front edge and subsequent 
percolation over a grass filter or verge into the wet biofiltration pond area. The 
biofiltration wet pond is 80 x 18 m with a dry weather water depth of approximately 
80 mm, with the exception of the micropool (an area of deeper water) where a depth 
of 140 mm is common. 
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Underground pipes ; Oil Interceptor (25500 1) 
Silt trap 
River , 
I. ambourt 
V 
Grass verge 
Biofiltration wet pond 
Contributing paved area 
1.58 ha 
Secondary Storage volume of pond 
outlet 888 m3 
POND K 
Flow control interceptor 
05 
I0 im- N 
Lake Metres 
Fig 3.5.1 (b) Schematic of balancing pond facility pond K 
During storm conditions the water depth typically reaches 1m corresponding to a 
holding volume of 880 m;. A number of reed plant species have been used, dependant 
on location. Along the pond fringe Berula erecta, Mentha aquatica, Sparganium 
erectum, Juncus effusus and Myosotis scorpiodes are common. Within the reed bed the 
main populations belong to ('arex riparia and Glyceria maxima, with Callitriche 
stagnalis predominating in the micropool. Exit from the pond into the river Lambourn 
is via aIx1.4 m flow controlling interceptor with a water depth of 2m and a 375 mm 
discharge pipe. Figures 3.5.1 (c) and 3.5.1 (d) shows photographs of a typical silt trap 
and outflow interceptor. 
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ý., 
Fig 3.5.1 (c) Photograph of a typical silt trap 
ä 
Fig 3.5.1 (d) Photograph of a typical outflow interceptor 
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Pond J is located approximately 20 m to the west of the Newbury bypass in the 
Lambourn valley, adjacent to a branched section of the river Lambourn (see Figure 
3.5.1 (e)). 
-- ------------------ 
I 
A. To River Lambourn 
N Biofiltration wet 
r-- 
Underground pipes POND J 
Contributing paved area 
3.4 ha 
Storage volume of pond 
1650 nsý 
11 11L-- 
1111II 
Gras veý`ge , 
1II11II 
o io Silt Trap IL 
Metres 
Oil Interceptor (255001) 
Fig 3.5.1 (e) Schematic of balancing pond facility pond J 
Pond 14 is located approximately 10 m east of the Newbury bypass within the Kennet 
valley as shown in Figure 3.5.1 (0. 
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To River Kennet 
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Biofiltration wet pond 
- -, 
POND H 
--; Contributing paved area 3.1 ha 
Storage volume of pond 
2050 m3 
_J -- 
_J - 
Grass verge 
--J 
Silt Trap 
. 
_J - 
0 10 
Oil Interceptor (32500 1) 
Metres 
Fig 3.5.1 (t) Schematic of balancing pond facility pond H 
Pond D is located approximately 15 m east of the Newbury bypass adjacent to the river 
Enborne as shown in Figure 3.5.1 (g). 
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Biofiltration wet pond 
POND D 
Contributin paved area 2. OTha 
Storage volume of pond 1020 m3 
Flow control 
interceptor To River Enborne 
Fig 3.5.1 (g) Schematic of balancing pond facility pond D 
3.5.2 Sample location and collection 
Sample collection of bottom sediment, dry weather pond water and reed plant species 
at defined post-opening time intervals was undertaken. In accordance with reported 
studies relating to terrestrial contamination, a sampling time interval of pre-opening, 1, 
2,4 weeks, 1.5,2,3,5 and 7 months post-opening was implemented for bottom 
sediments. Samples of ('50 g) were collected from the silt trap, pond and outlet into 
sealed polythene bags. Due to the absence of reed species in the silt trap and outlet 
sites, samples were only collected within the pond. Figure 3.5.2 shows a simplified 
schematic of a balancing pond facility with corresponding sampling sites. 
Sample collection of reed plant species involved separating the root from the 
shoot zones. Samples were collected at the following time intervals, pre-opening, 2 
weeks, 4 weeks and 2,3,5 and 7 months post-bypass opening. In order to assess the 
efficiency of the reed bed systems, the same plant species, namely Glyceria maxima 
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was chosen for investigation at each pond site. Sample collection of pond water 
between storm event (n=6) produced mean dry weather heavy metal concentrations. 
Silt trap 
S3 S2 Si 
\. %... 11 11 11 
Inlet 
0 rass verge 
P1 
P2 
Biofiltration wet pond 
P3 
P4 
P5 
O 
Flow control interceptor 
Fig 3.5.2 A simplified schematic of a balancing pond with corresponding 
sampling sites 
Six sampling visits at each pond site were undertaken during the initial stage of 
storm events. Where possible a five day antecedent dry period was maintained prior to 
stormwater sample collection throughout the study period (November `98-June '99). A 
total of 520 mm of rainfall was recorded, with the wettest month being January. 
Sample collection, storage and pre-preparation procedures are described in section 2.2. 
Results represent unfiltered water samples (i. e. combination of particulate and 
dissolved species) and unwashed plant material. 
3.5.3 Efficiency of the balancing pond facilities at Newbury 
The effectiveness of stormwater balancing pond facilities can be assessed by 
monitoring the heavy metal content of pond sediment and stormwater throughout the 
facility. As described in section 1.5, parameters that affected pond efficiency included 
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pond type (wet or dry), mean water flow through pond and pond design (including 
incorporation of oil interceptors and silt traps). All the facilities studied along the 
Newbury bypass have similar designs with the only variables being in pond component 
dimensions and reed populations. In particular, differences in the oil interceptor 
capacity, silt trap, pond dimensions and pond water levels are dependent on road 
surface catchment area. 
These similarities in design enable a direct comparison to be made of the 
balancing ponds with respect to pond efficiency. Comparison of the balancing pond 
facilities with those existing on the London Orbital M25 motorway are addressed in 
section 3.6. 
Pond sediment accumulation: Figure 3.5.3 (a) summarises results obtained by 
studying heavy metal accumulation in sediment within balancing pond K during the 7 
month bypass post-opening period. The figure shows an accumulation of heavy metals 
relative to pre-opening concentrations. Furthermore, a comparison of Pb, Cd, Cu and 
Zn shows similar profiles with the highest accumulation present within the silt trap and 
a subsequent rapid decrease through the reed bed system. The pond sediment heavy 
metal levels may represent an indication of the long-term (over the 7 months) pond 
efficiency and shows the biofiltration reed bed to be effective in its operation. A visual 
inspection of the reed bed system within this pond (see Figure 3.5.3 (b)) shows a high 
reed biomass which it is postulated is responsible for dissipating the stormwater inflow 
velocity thus allowing sedimentation processes to occur. 
A study by Oberts and Osgood (1991) has shown pond efficiency to be related 
to stormwater flow. Nix et al. (1988) further investigated the settling velocities of 
those sedimentation particles found in stormwater and revealed the majority have high 
specific gravities and will tend to settle. The presence of a well established reed bed 
with a high biomass can further act to increase residence time of stormwater in the 
pond and thus increase time for sedimentation, filtration and bioaccumulation 
processes. 
The broad shallow design of the reed bed system in pond K is in agreement 
with the optimum criteria established by Martin (1988) for the removal of 
contaminants in stormwater. A further explanation for the excellent pollutant removal 
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may lie in the pond surface area to the road surface drainage area. A study by Ellis 
(1991) revealed a ratio of at least 2-3 % is required for maximum pollutant removal 
using wet biofiltration systems. The ratio for pond K is over 7% and represents an 
effective ratio in terms of pollutant removal capability. 
Fig 3.5.3 (b) Photograph of balancing pond facility K 
The accumulation profiles illustrated in Figure 3.5.3 (a) do however, show an 
accumulation of heavy metals further along the reed bed system during the 5 and 7 
month sampling periods. This observation is presumably from remobilisation of 
previously deposited sediment in a pulse fashion during storm events. The biofiltration 
reed species present within this pond are diverse and include Phragmites australis. 
Ellis et al. (1994) investigated the efficiency of Phragmites australis and found it to be 
effective in the bioaccumulation of heavy metals. 
Figure 3.5.3 (c) shows the heavy metal accumulation rates for sediment throughout 
pond J during the 7 month study period. Unlike pond K, high heavy metal sediment 
levels are not only reported within the silt trap, but also at various distances into the 
pond. In contrast to pond K, an inspection of pond J reveals little reed bed 
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establishment, with only a few Sparganium erectum plants occupying the pond fringe 
(Figure 3.5.3 (d)). 
Fig 3.5.3 (d) Photograph of balancing pond facility J 
A deficiency in the pond biomass allows hydraulic flow to be maintained at a 
greater distance from the silt trap thus reducing the residence time of stormwater 
within the pond. The high hydraulic flows and short residence time present within this 
pond facility may limit sedimentation and filtration processes. However, the large dry 
weather water volume present within the pond may act to reduce sediment loading by a 
process of dilution. A comparison of the pre-opening heavy metal content within 
sediment at the pond outlet with that measured during the 7 months post-opening 
sampling period, shows enrichment factors of 1.2,6.8,1.1 and 1.8 for Pb, Cd, Cu and 
Zn, respectively. These enrichment factors reveal heavy metal transportation from the 
pond inlet to the outlet and further may indicate possible discharge into the receiving 
watercourse, namely the river Lambourn. 
Figure 3.5.3 (e) illustrates the accumulation rates for lead and cadmium in sediment 
throughout balancing ponds H and D. The heavy metal sediment levels rapidly 
decrease through the reed bed system (pond H). This profile shows similarities with 
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pond K, where a well established reed bed (Phragmites australis) allows for rapid 
sedimentation, filtration and bioaccumulation. As previously mentioned, Ellis et al. 
(1994) have commented on the efficiency of this plant species to accumulate heavy 
metals, primarily due to its relatively high persistent sub-surface and above ground 
biomass. The pond surface area (2,600 m2) to road surface drainage area (31,000 m2) 
ratio of approximately 8.5 % is superb in terms of the ability of the balancing pond 
facility to treat surface run-off. 
The accumulation profiles for pond D show similarities to those obtained for 
pond J, where a deficiency of biomass within the pond produced short residence time 
and thus minimum sedimentation. Figure 3.5.3 (f) shows little reed bed establishment 
except at the pond fringe, where Berula erecta and Juncus effusus predominate. The 
pond shape (long and thin 110 x 15 m) is not consistent with the optimum shape 
described by Martin (1988) for an effective reed bed system. 
Fig 3.5.3 (f) Photograph of balancing pond facility D 
As described, each pond has a similar design incorporating an oil interceptor, 
silt trap and a wet biofiltration pond. Differences in catchment area are accommodated 
by relative pond size and oil interceptor capacity. A comparison of the relative 
sediment heavy metal concentrations (taking pre-open as zero and silt trap I during 7 
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month post opening as 100 %) in each pond after 7 months post-bypass opening is 
graphically displayed in Figure 3.5.3 (g). An inspection of the graphs for both lead and 
cadmium reveals a good agreement between all balancing ponds with respect to silt 
trap efficiency. The silt traps implemented in each balancing pond are identical (albeit 
slight variations in dimensions) and thus this is reflected in their similar heavy metal 
removal profiles. 
The sediment profiles for both lead and cadmium also show matching trends, 
whereby similar profiles are reported for ponds K and H. Similarly, matching trends are 
reported for ponds J and D. As highlighted previously, the ability of a wet biofiltration 
treatment facility is largely dependant upon the biomass present within the reed bed 
area. Ponds K and H have well established reed beds with persistent subsurface and 
above ground biomass. The reed beds within these ponds allow an increased residence 
time and thus greater sedimentation (see the greater reduction in heavy metal 
concentrations in sediment at distance from the silt traps in Figure 3.5.3 (g)). 
Pond sediment accumulation rate and enrichment factors: Figures 3.5.3 (a), 3.5.3 
(c) and 3.5.3 (e) show heavy metal accumulation in pond sediment over the 7 months 
post bypass opening period. Heavy metal levels in pond sediment will depend upon the 
various storm events that are responsible for transferring roadside dust into the pond 
environment. Figure 3.5.3 (h) shows a non-weighted linear regression plot of 
accumulation versus time (post-bypass opening) for heavy metals at the inlet to pond 
K. The graphs show that the accumulation of heavy metals in pond sediment increases 
linearly. Table 3.5.3 summarises the enrichment (calculated from a comparison 
between the pre-opening and 7 month post-opening data). The enrichment factors at 
each pond facility show similar trends decreasing along the series; Cd > Sb > Zn > Ni > 
Co > Cu > Mn > Cr > Pb >V> Fe > Mo. 
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Fig 3.5.3 (g) Comparison of the relative sediment heavy metal concentrations 
throughout each pond facility 7 months post-bypass opening 
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Table 3.5.3 Accumulation of heavy metals at the inlet to the balancing pond 
facilities 
POND K POND J POND H POND D 
Element 
Enrichment* 
factor 
Enrichment 
factor 
Enrichment 
factor 
Enrichment 
factor 
V 1.30 1.58 1.45 1.33 
Cr 1.36 1.82 1.71 1.46 
Mn 1.44 1.45 1.64 1.24 
Fe 1.11 1.06 1.14 1.06 
Co 2.29 3.85 3.40 2.48 
Ni 3.11 5.88 4.93 3.50 
Cu 1.54 2.24 2.08 1.64 
Zn 3.51 6.62 5.78 3.66 
Mo 1.06 1.29 1.25 1.12 
Cd 17.3 53.2 22.9 14.1 
Sb 7.97 18.7 12.4 7.84 
Pb 1.32 1.76 1.67 1.44 
* Calculated from a ratio between pre-and 7 months post-opening data (i. e. 1= no increase) 
The transfer of heavy metals from roadside dust into the balancing pond facility 
may depend on factors that include rainfall intensity, particles size of dust or heavy 
metal particulates, rate of atmospheric deposition and heavy metal percentage 
solubility [Luker and Montague, 19941. In considering differences in heavy metal 
trends at any pond site, it is assumed rainfall intensity is constant. Furthermore, a 
comparison of the enrichment factors with those obtained in roadside dust shows a 
high degree of variation. For example, lead in roadside dust and pond sediment has 
enrichment factors of 4.01 and 1.32, respectively. Therefore the enrichment factors 
reported for pond sediment may not be dependent upon the rate of accumulation in 
roadside dust during the 7 month post-opening study period. 
Smaller particle sizes have less mass and therefore may be transferred via 
stormwater into pond sediment with greater efficiency [Martin, 19881. However, a 
review of the data shows a relatively small enrichment factor of 1.32 for lead (an 
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exhaust emission with a particle size typically < 10 µm). In contrast, cadmium from 
tyre wear and copper from brake wear, with particles sizes typically 50 µm or larger, 
have enrichment factors of 17.3 and 1.54, respectively. Furthermore, Colandini et al. 
(1995) revealed no preferential removal of roadside dust by stormwater run-off within 
the 0.1-100 pm particle size. Lindgren (1996) investigated the potential for asphalt to 
preferentially adsorb heavy metals onto active SiOH groups. Their study showed that 
adsorption capacity decreased down the series; Pb > Cu > Zn = Cd. The adsorption 
capacity series does not correlate with the levels found within the enrichment factor 
data. Although particle size, atmospheric deposition rate and road surface adsorption 
may influence the removal of heavy metals from the road surface, they cannot fully 
explain the trends observed in the enrichment factor data. 
A review of the published stormwater data shows percentage solubility to 
decrease along the order; Cd > Zn > Cu > Pb [Morrison et al., 19841. This trend is 
similar to that reported in the pond sediment accumulation series and may largely 
account for differences in the series. Cadmium in roadside dust is approximately 50 % 
soluble and therefore rainwater may remove a higher percentage than heavy metals, 
such as lead, that are predominantly insoluble (90 % insoluble). Section 4.4 describes 
the heavy metal chemical forms in roadside dust. 
Pond sediment and catchment area: as previously described in section 3.4, heavy 
metal deposition from vehicular movement is relatively constant along the bypass 
length (in comparison to the existing A34 roadway). Each balancing pond facility is 
responsible for drainage from a section of the bypass, all with different catchment 
areas. Figure 3.5.3 (i) shows a non-weighed linear regression plot for the catchment 
area of each pond versus heavy metal concentration in pond sediment inlets after 7 
months post-bypass opening. 
The graphs show an almost linear relationship between catchment area drainage 
and pond sediment heavy metal levels. The study of treatment facilities during the 
immediate post-road opening periods may provide valuable information regarding 
initial pond sediment accumulation rates. Long-term pond performance can be 
hindered by remobilisation of previously deposited sediment by the next storm event 
and maintenance programmes (as described in section 3.6). 
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Yousef et al. (1996) calculated accumulation rates as a function of kg/ha per year for 
Cr, Ni, Cu, Zn, Cd and Pb as 3.3,2.9,1.3,6.9,1.0,13.8, respectively. The authors 
also found a linear relationship, however, between drainage area and pond area for 
copper (R2=0.677), zinc (R2=0.709) and lead (R2=0.783). 
3.5.4 Stormwater run-off through the facilities along the Newbury bypass 
As described in section 1.5, highway runoff consist of pollutants that include 
heavy metals (such as V, Cr, Mn, Co, Ni, Cu, Zn, Mo, Cd, Sb and Pb) [Dannecker et 
al., 19901 and organic compounds (such as polyaromatic hydrocarbons, 
polychlorinated bipenyls and phenols) [Cole et al., 19841. These pollutants can exist 
either as soluble or insoluble compounds. Insoluble compounds are largely responsible 
for the transport of heavy metals either as insoluble salts or more commonly adsorbed 
on inert dust particulates. 
Stormwater samples were collected during the initial stages of 6 storm events 
from the motorway surface, silt trap, grass verge, balancing pond and outlet, as 
illustrated in Figure 3.5.2 (h). Figure 3.5.4 (a) shows the mean heavy metal profiles for 
unfiltered stormwater collected during the six storm events at each facility. For 
representation purposes the cadmium stormwater concentrations have been multiplied 
by a factor of two. An inspection of the graphs reveals similar profiles for each heavy 
metal through each facility as those obtained for pond sediment (the reader is referred 
to Figures 3.5.3 (a), 3.5.3 (c) and 3.5.3 (e)). Balancing ponds are effective in removing 
particulate and suspended solids but relatively ineffective at the removal of dissolved 
solids [Nix et al., 1988]. Soluble contaminants move through the pond facility rapidly 
and will not be removed, unless a change of chemical form allows sedimentation in a 
particulate form [Oberts and Osgood, 1991]. Consequently, the stormwater profiles 
largely represent the relative decrease in particulate or insoluble loading. The insoluble 
fraction removed via sedimentation becomes incorporated into the pond sediment. 
Pond sediment is essentially accumulated material deposited over various storm events 
and therefore as stormwater and sediment are intimately linked their profiles are 
similar. Figure 3.5.4 (a) also shows approximately 5% of all heavy metals are lost at 
each pond facility between the road surface and the pond inlet. The stormwater from 
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the bypass must pass through a porous asphalt road surface, perforated transfer pipes 
and an underground oil interceptor, before entering the pond. Porous surfacing (see 
section 1.5) allows stormwater to enter the road surface directly thus limiting the 
movement of water across the road surface. Porous asphalt is primarily used for traffic 
noise reduction [Watkins and Fiddes, 19841. Legret et al. (1996) found porous 
asphalt showed a filtration effect and reduced the relative concentration of suspended 
solids by 64 % and lead by up to 79 %. However, Hogland et al. (1987) found the 
filtration effect clogged the pores within the asphalt, effectively reducing the infiltration 
rate of stormwater from 30 mm/min to only 1 mm/min over a one year period. Porous 
asphalt is composed of 95 % stone material with the remainder as filler and bitumen. 
Lindgren (1996) found the stone material to contain between 55 and 75 % SiOH 
groups. He found these SiOH groups efficient adsorbed metal cations as follows; 
=SiOH + M2+ - =SiOM+ + H+ 
along the series; Pb > Cu > Zn = Cd. However, Colandini et al. (1995) found the 
adsorption to decrease along the series; Pb > Cd > Zn > Cu within small particles (20- 
200 pm). Porous asphalt may in part be responsible for the 5% reduction in heavy 
metal levels of stormwater reported from the road surface to the pond inlets. Studies 
on other pond facilities have also found transfer pipes and oil interceptors to 
accumulate a small amount of suspended solids [Hares and Ward, 19991. 
Tables 3.5.4 (a) and 3.5.4 (b) summarise the mean (over six storm events) stormwater 
heavy metal concentrations from the inlet and the outlet of each pond facility, with the 
values in brackets representing the dry weather periods. Also reported are the 
percentage removal efficiencies during the initial stages of the storm events calculated 
from a ratio between the relative inlet and outlet heavy metal concentrations [Stotz, 
19901. Typical heavy metal stormwater values are also reported. 
In general, the stormwater heavy metals levels found on the bypass are lower 
than those reported by Hares and Ward, (1999) who collected samples from the 
London Orbital M25 motorway and as such, differences in heavy metal stormwater 
levels maybe a reflection of higher traffic density (120,000 M25 compared with 20,000 
Newbury bypass). 
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Tables 3.5.4 (a) and 3.5.4 (b) show similar removal efficiency trends as those 
reported for pond sediments. The removal efficiencies for each pond may depend on 
the presence of a well established reed bed system. The removal efficiency of ponds K 
and H are good in comparison to ponds J and D, where removal efficiencies are 
typically 10 % lower due to poor reed bed performance. Figure 3.5.4 (b) summarises 
the inlet and outlet heavy metal levels at each facility. 
Published studies have reported that balancing pond facilities are effective at 
removing particulate or suspended solids [Nix et A, 19881. Consequently, those heavy 
metals with predominantly insoluble compounds may be removed with greater 
effectiveness. Figure 3.5.4 (c) illustrates the relative heavy metal removal (taking the 
difference between the inlet and outlet sites as 100 %) through each pond facility. A 
similar trend is observed through each treatment facility, whereby the pond efficiency 
decreases along the series; Pb > Cu > Zn > Cd. 
Published studies have reported the soluble percentage of heavy metals in 
stonnwater as 1-10 % for lead, 50 % for cadmium, 20-40 % for copper and 30-50 % 
for zinc [Monison et aL, 19841 and support studies undertaken on stormwater runoff 
along both the London Orbital M25 motorway and the A34 Newbury bypass, as 
described in section 4.5. The percentage solubility of metal compounds in stormwater 
may have a direct influence on the passage of heavy metals through the pond facility 
and ultimately pond removal efficiency. A full investigation into suspended and 
dissolved solids removal throughout the treatment facility along the A34 Newbury 
bypass is reported in section 4.5. 
Stormwater events: percentage removal efficiencies reported in Tables 3.5.4 (a) and 
3.5.4 (b) are dependent on a number of factors that include duration and intensity of 
storm events, hydraulic water flow velocity and retention time in pond [Hvited- 
Jacobsen et A, 19841. By evaluating a pond facility throughout a storm event changes 
in pollutant loading during such an event (event mean concentration - EMC) can be 
determined. Figure 3.5.4 (d) graphically displays the heavy metal stormwater changes 
throughout balancing pond facility K by the study of three sites, namely silt trap 1, 
pond 3 and outlet. 
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The figure shows the presence of the first flush phenomenon, whereby approximately 
90 % of the total heavy metal loading is transferred within the first 10 % of total run- 
off volume. Figure 3.5.4 (d) shows the presence of a smaller heavy metal stormwater 
peak at sampling site pond 3 and little or no peak at the outlet. The graphs show that 
during the initial stages of a storm event high heavy metal levels are found at the pond 
inlet. This plug of contaminants quickly dissipates further along the pond facility. A 
fiirther peak is found in the central regions of the pond (sample collection site pond 3 
see Figure 3.5.2) after 30-90 minutes (metal dependent). The plug of contaminants is 
lower in concentration and is now dispersed over a long-tirne period (broad 
contaminant peak). These profiles are similar to those reported by Bellinger et aL 
(1982) for sodium and calcium. 
The time period between the peaks observed at the inlet and sample collection 
site pond 3 can yield information upon the residence time within the pond. The 
residence time between the inlet and sample collection site pond 3, for cadmium and 
zinc, is approximately 30 minutes. In contrast, lead and copper have a residence time 
of approximately 90 minutes between the inlet and sample collection site pond 3. 
The data presented in Figure 3.5.4 (d) represents a combination of dissolved 
and particulate heavy metal compounds (unfiltered samples). The phase distribution of 
the metal species between the particulate and soluble phase may ultimately affect their 
respective residence times within the pond. Soluble heavy metal species may in fact 
move through the pond quickly unless a change in chemical form allows their 
sedimentation [Hares and Ward, 19991. Cadmium and zinc may have a substantial 
soluble component and thus may have a shorter residence time within the facility (see 
section 4.5). Conversely, lead in stormwater may be present in an insoluble form and as 
such may experience a longer residence time. Copper has a relatively long residence 
time within the pond but has an approximate solubility of 20-40 % in stormwater 
(confirmed as 33 % in section 4.5). Copper has a high affinity for organic material 
[Stevenson, 19821 and thus may be removed from solution by the ligands available 
within the organically rich (high biomass) pond environment. 
Figure 3.5.4 (e) shows the profiles for heavy metals in stormwater from pond J. 
Similar profiles for each heavy metal exist in this pond (with the exception of copper). 
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However, due to the lack of a well established reed bed system the residence times 
have been reduced for all heavy metals. Due to a lack of biomass within the pond 
environment, copper may in fact remain soluble and pass through the pond quickly (see 
Figure 3.5.4 (e)). Figure 3.5.4 (0 shows the lead and cadmium profiles for ponds H 
and D and again suggest a shorter residence time within pond D, where a well 
established reed bed is not present. Pond H, with a good reed bed system, has similar 
storm duration profiles as pond K. 
Reed bed accumulation: has been assessed by the study of both sub-surface and 
aerial or above surface Glyceria maxima reed species. The species of reed investigated 
was primarily chosen on availability in each balancing pond facility. Reed beds or 
wetlands function by producing oxygen rich microzones within the root zones. The 
root zone itself is anoxic; or anaerobic and thus the passage of pollutants through the 
oxygen rich zones allows conversion of ammonia to nitrate (and then denitrification 
into free nitrogen) and often acts to stabilise organic pollutants. In addition, reduction 
of hydraulic flow allows sedimentation and bioaccumulation through the root zone. 
A number of reed species including, Typha Latifolia, Iris psuedacorus, 
Phragmites australis, and Sparaganium spp have been studied [Ellis et al, 1994 ; 
Taylor and Crowder, 19811. The distribution of these reed species within the 
balancing pond facilities along the Newbury bypass are dependent on water depth. As 
previously mentioned, samples of unwashed reeds were collected and separated into 
root zones and aerial zones during the 7 months post-bypass opening period. Table 
3.5.4 (c) summarises the pre-and 7 months post-bypass opening heavy metal content of 
Glyceria maxima within the root and aerial zones for each pond facility. Five samples 
were taken from each pond to produce mean heavy metal values. The table shows an 
increase in heavy metal concentration in both the root and aerial plant zone over the 7 
months post-opening period. Furthermore, as expected the heavy metal content within 
the root zone is consistently higher than the aerial zone for each metal at each pond 
facility. The data is consistent with other studies on heavy metal uptake [Munger et 
aL, 19951. 
A comparison of the relative increase over the 7 month post-bypass opening 
period shows similar trends for Pb Cd, Cu and Zn in both the root and aerial zone. A 
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trend is reported whereby the heavy metal enrichment follows a pattern pond, 
treatment facility J>D>H>K. 
Figures 3.5.4 (g) shows the relative proportions of heavy metals found within 
the root and shoot zone for Glyceria maxima. A study of the literature reveals the 
relative heavy metal content of roots and shoots is species dependent. In general the 
accumulation in the shoots relative to roots decreases along the order; Typha Latifolia 
> Phragmiles australis > Iris psuedacorus [Munger et aL, 19951. In terms of 
bioaccumulation of heavy metals, the results suggest Glyceria maxima is more efficient 
than Iris psuedacorus but less effective than Phragmites australis. 
The phase distribution of heavy metals in highway run-off is an important factor 
that may affect their relative concentrations within reed species. Although 
bioavailabiltiy does not solely depend upon the relative distributions within the 
dissolved phase it can exert a major influence on plant uptake. Furthermore, chemical 
speciation can change throughout the pond facility dependent upon the available 
ligands and adsorption surfaces. 
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Fig 3.5.4 (g) Distribution of heavy metals between the root and shoot zone of 
Glyceria maxima in balancing ponds K and J during the 7 month 
post-opening period 
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V Cr Ni Cu Zn Cd Pb 
Figure 3.5.4 (g) reveals the percentage uptake in shoots relative to the roots is 
approximately 3 %, 25 %, 20 % and 2% for Cu, Zn, Cd and Pb, respectively. The 
bioaccumulation of copper and lead does not correlate with their relative percentage 
solubility in road runoff (see section 4.5.2). Copper, and to a lesser extent lead, may 
have a high affinity toward the high organic material present within balancing pond 
facility K. These changes in chemical form may allow the removal of soluble copper 
and lead compounds and thus prevent their bioaccumulation. 
The ratios between the heavy metal content of the root and shoot zone for 
Glyceria maxima in all of the pond sites are graphically displayed using scatter plots in 
Figure 3.5.4 (h). A non-weighed linear regression line reveals a good relationship 
between root and shoot concentration for cadmium (W=0.93 5 1) and zinc (W=0.9195). 
However, the relationship for lead and copper shows more variability with coefficients 
of 0.8499 and 0.7595, respectively. The scatter plots show a good relationship 
between the heavy metal content of the root and shoot zones within all the study 
ponds. No heavy metal accumulation was reported within the leaf zone and thus win 
not be considered in fin-ther depth. 
In summary, a comparison of the pond sediment heavy metal levels reveals a 
number of trends. Ponds K and H have a broad shallow reed bed design that is in 
agreement with the optimum criteria established by Martin (1988) for contaminant 
removal. In contrast, pond J has a pond inlet close to the outlet that may provide a fast 
passage of contaminants through the facility. Pond D has a narrow non-favourable reed 
bed design. In terms of pond surface area to road surface drainage area, all ponds have 
good ratios of over 7 %. The data also reveals ponds K and H are more efficient than J 
and D, due primarily to the presence of well established reed beds that may allow a 
long residence time for sedimentation, filtration and bioaccumulation process. Pond 
sediment accumulation during the initial stages of the road system follows an almost 
linear pattern, with enrichment factors following the series; Cd > Zn > Cu > Pb. A 
direct relationship between pond catchment area and heavy metal sediment 
concentration within the pond inlet areas has also been established within the early 
stages of this road system (little resuspension of sediment further down the facility). 
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A comparison of the heavy metal stormwater concentration also reveals a 
number of trends. The stormwater removal efficiencies for each pond support the 
sedimentation data, where pond efficiency decreases along the series; pond K> pond 
H> pond J> pond D. A review of the relative heavy metal removal efficiencies 
through the facilities reveals that phase distribution may play a part in effective heavy 
metal removal. Particulate associated heavy metals (especially lead) may in fact be 
removed quickly, whilst soluble associated heavy metals (cadmium and zinc) remain 
high at a distance further through the facility. A study of the relative stormwater 
concentration throughout a storm event highlighted the dependency on phase 
distribution and revealed that the residence time of lead is longer than cadmium. 
A review of the heavy metal levels in pond reeds revealed a higher heavy metal 
loading within the root zone (in comparison to the shoot zone). The ratios of heavy 
metal levels found in the root and shoot zones are consistent with trends reported for 
soluble and particulate bound compounds [Harrison et al., 1983]. 
3.5.5 The quality of the receiving watercourses 
Many studies have investigated the detrimental effect that highway discharge 
has on the quality of receiving watercourses [Borchardt and Sperling ; Fuchs et A, 
19971. Most of these studies are predominantly concerned with chemical and biological 
oxygen demand and ammonia levels. The heavy metal component of river sediment and 
water has received less attention and is the focus of this study. 
As described in section 3.5, the impact of balancing pond stormwater discharge 
into the three river systems that cross the bypass is essential in order to assess any 
changes in sediment and water quality. Heavy metal accumulation within river 
sediment and water has been undertaken over a7 month post-bypass opening period. 
Sample collection and location along the three river systems has been identical to the 
study assessing the pre-opening or baseline heavy metals within the immediate bypass 
environment (see section 3.3.4). 
River sediment: Table 3.5.5 (a) summariscs for each river system, the pre-opening 
and the 7 months post-opening river sediment data. The mean values were averages 
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from all sampling sites at each location. Evaluation using a Student t-test between the 
pre and post-opening data revealed a statistical increase at the 95 % confidence 
interval in sediment heavy metals within the river Lambourn. A review of the previous 
section reveals differing pond efficiencies between the two balancing ponds (J and K) 
that discharge into the river Lamboum. 
A review of their heavy metal pond removal efficiencies during storm events 
reveals pond J and K have averages of 88 % and 98 %, respectively. This data may 
explain an increase in pond sediment enrichment present at the outlet to pond J. During 
storm events this accumulated material present within pond J has the potential to 
remobilise and subsequently discharge into the receiving watercourse. In contrast, 
balancing pond facility K shows no accumulation at the pond outlet and thus no 
contribution of suspended material into the watercourse. 
The dispersion of highway discharge into receiving watercourses is dependent 
on factors such as volume and flow rates. Figure 3.5.5 shows the relative enrichment 
levels (in comparison to pre-opening heavy metal levels) at distance from the pond 
outlet along the three river systems. The river Lambourn, in comparison to the other 
river systems studied, has a high flow rate and medium water volume. The high flow 
rate may be responsible for the elevated heavy metal sediment levels found 
downstream. 
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Fig 3.5.5 The relative enrichment in pond sediment at distance from the pond 
outlet along the three river systems 
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Data from samples collected along the river Kennet reveal a statistical increase 
using a Student West (at the 95 % confidence interval) in the 7 months post-opening 
sediment levels for V, Co, Cu and Cd only. A review of section 3.5.3 reveals little 
enrichment of heavy metal content at the pond H outlet. The effective reed bed 
presence within this pond allows a high percentage removal efficiency of heavy metals 
in stormwater and thus minimal transfer into the river Kennet. The river Kennet is a 
large system and therefore the potential dilution is substantial. Figure 3.5.5 indicates 
heavy metal dispersion within the first 10 m downstream of the pond outlet. 
Balancing pond facility D has a heavy metal stormwater percentage removal 
efficiency of approximately 86 % primarily due to an absence of a well established reed 
bed. Consequently, an enrichment of 15 % (over pre-opening levels) was recorded at 
the pond outlet during the 7 months post-opening sampling period. Unlike the river 
Lambourn and Kennet, the river Enborne has a low water flow and small water 
volume. Figure 3.5.5 shows the dispersion of sedimentation particles in the immediate 
outlet vicinity, with little dispersion downstream. Although guidelines set by the 
ICRCL are intended for surface soil, they may provide an indication of the heavy metal 
levels expected within 'contaminated sediment'. Table 1.2.2 summarises the ICRCL 
guidelines for the heavy metals studied and reveal the levels found within sediment 
along the waterways at Newbury are negligible in terms of a contaminated system. 
River water. in an analogous fashion to that for sediment, river water was also 
investigated at various intervals during dry weather periods. Section 3.3 describes the 
sampling time intervals and sampling locations. Table 3.5.5 (b) summarises data from 
the pre-opening and 7 month post-bypass opening sampling periods. The table reports 
mean and standard deviation values collated from samples taken at each site, and the 
results from a Student Mest evaluation between the two data sets. 
A review of the Student t-test values in Table 3.5.5 (b) reveals no significant 
increase in heavy metal river water concentrations over the 7 months post-opening 
period for all the river systems (with the exception of cobalt and cadmium within the 
Kennet and Enborne). Consequently, in terms of comparison with the USEPA 
guidelines for maximum admissible concentrations (drinking water regulations) the 
values are negligible. 
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The data is not surprising when one considers water as a transient pollutant monitor. 
Heavy metals present within stormwater that exist as suspended, colloidal or 
particulate quickly undergo sedimentation [Nix et A, 19881. The soluble heavy metal 
component of stonnwater is quickly diluted and/or transported downstream of the 
pollutant source (dependent on receiving watercourse volume and flow). 
To summarise, the construction of the A34 Newbury bypass over the rivers 
Lambourn (SSSI), Kennet (SSSI) and Enborne has increased heavy metal levels in 
river sediment. During the 7 months post-opening period a steady accumulation of 
material has been deposited at the pond outlets. The efficiency of balancing pond 
facility H coupled to the high river water volume within the river Kennet has resulted 
in little anthropogenic input. The less effective pond facility (D) along the river 
Enborne coupled to the low water volume and flow within the river has resulted in a 
relative heavy metal accumulation of approximately 14 % (compared to pre-open) 
during the 7 month post-bypass opening period. The discharge of two balancing pond 
facilities into the river Lambourn has resulted in the highest contamination of the 
waterways along the bypass route (approximately 16 % over the pre-opening levels). 
The high water flow within this system has resulted in anthropogenic material being 
deposited up to a distance of 120-150 m from the pond outlets. In contrast, due to the 
transient nature of river water no increase in any of the river systems has been 
reported. 
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3.6 Existing Balancing Pond Treatment Facilities along the London Orbital M25 
Motorway 
The data produced in the previous section regarding the treatment of 
stormwater from the A34 Newbury bypass using biofiltration balancing pond treatment 
facilities can only yield information on short-term impact. During the 7 month post- 
bypass opening period, pond sedimentation levels have increased along a linear fashion, 
with accumulation recorded ftirther through the treatment facilities. The long-term 
effect of these facilities on the receiving watercourses have not been recorded. 
A study undertaken on two treatment facilities responsible for the Wghway 
discharge from the London Orbital M25 motorway have produced information 
regarding the long-term effectiveness of both a biofiltration system and a dry detention 
pond system. The following section firstly describes the removal efficiencies of both 
systems, and secondly uses the data obtained on the London orbital M25 motorway to 
compare with those facilities present along the A34 Newbury bypass. 
3.6.1 Study site and sample location 
Leatherhead: the wet biofiltration detention pond at Leatherhead, Surrey is located 
approximately 10 rn north-west of the M25 at junction 9, close to the A243. Figure 
3.6.1 (a) shows an overview of the site design. The study was performed prior to the 
M25 widening programme and the drainage area comprised two sides containing a 
three-lane concrete roadway and a hard shoulder area. The roadway has an average 
daily traffic density of 140,000 vehicles per day. The facility consists of two basins. 
Stormwater runoff discharges into basin I which comprises a wet biofiltration pond, 
approximately 130 by 50 rn (3900 rr? ), with a side slope of 1: 2 forn-drig the pond 
banks. The biofiltration pond is fined with a relatively impermeable clay base in 
addition to reeds, the main population of which belong to the Typha latifolia species. 
Pond depths in basin I can range from approximately 0.1 rn (390 n? residual volume) 
in dry weather conditions to 0.8 rn (3120 rný holding volume) in storm conditions. The 
exit from basin 1 is through outfall headwall I that acts as a flow control device. Basin 
2 is primarily a sedimentation pond with an approximate size of 40 m by 25 m (1000 
rný). The basin is constructed with a concrete compartment and partitioning walls that 
act to increase the residence time within the pond (see Figure 3.6.1 (a)). During dry 
weather conditions the pond depth within the basin is typically 0.7 m (700 n? residual 
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volume) and during storm conditions is typically 1.2 m (1200 rný holding volume). The 
exit from basin 2 is through a flow controUed discharge pipe before the stormwater 
runs through an earthen channel into the receiving watercourse, the Ryebrook. 
Qrtiall Hhdvmll 2 
RytxDok 
Basing Wet pored 
NN 
o io 20 
W 
Ntft, CS 
Basin V%Ubiofilft-alimpond 
Artfall Hmdvall 1 
Fig 3.6.1 (a) Schematic of the wet biofiltration. detention pond facility at 
Leatherhead 
Oxted: the dry detention pond at Oxted, Surrey is located approximately 50 m north 
of the M25 between junctions 5 and 6. Figure 3.6.2 (b) shows an overview of the site 
design. Rainfall runoff from an approximate 2.24 krn (76160 rný) stretch of the 
carriageway discharges into the pond. The roadway has an average traffic density of 
120,000 vehicles per day and unlike Leatherhead, the road surface is constructed of 
conventional asphalt. Stormwater runoff is drained from the motorway surface through 
a series of pipes and manholes that connect the road surface to a grit trap and an oil 
interceptor before discharge into a silt trap. The silt trap consists of a concrete channel 
of approximately 30 m by 2m in area with 25 smaller compartments. Discharge from 
the silt trap is via an overflow into a concrete lined dry weather channel that acts as a 
transfer device from the silt trap to the dry detention pond outflow interceptor in dry 
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conditions. The detention pond is approximately 20 rn by 25 m with a predominately 
clay-lined base. Plant species that are present within the pond include creeping bent 
(Agrostis stolonifera), creeping thistle (Cirsium arvense), common sorrel (Rumex 
acetosa) and common fleabane (Pulicaria dysenterica). During storm conditions water 
in the pond can commonly reach a depth of 0.2 m. Discharge form the pond is via a3 
m by 2m flow control interceptor that retains an average water depth of 1.2 m. The 
water discharges via a second compartment before passage towards an oxygenation 
cascade (approximately 50 rn in length), before discharge into a local natural 
watercourse, the river Eden. 
River Eden 
M25 
L, 1 Discharge pive 
Manholes 
NEW Grit trap 
Oil intercep 
Intercemor (flow control) 
tor 
S-ý 
Oxygenation Casade 
Fig 3.6.1 (b) Schematic of the dry detention pond facility at Oxted 
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3.6.2 Sample location and collection 
Ston-nwater samples were taken at both facilities during dry weather conditions and 
during the initial stages of storm events throughout the period January 1997 to 
February 1998. Ten sampling visits at each site were undertaken in both dry weather 
and storm conditions during the sampling period. A five day antecedent dry period was 
maintained before stonnwater samples were collected. Rainfall data was also collected, 
showing the wettest months to be February and March, with a total rainfall of 692 mm 
over the sampling period. Samples of pond sediment (-50 g) were also collected 
during the study period. In total 17 water samples were taken during each sample 
collection visit from the facility at Leatherhead (Figure 3.6.1 (a)) at locations that 
included, direct motorway discharge, basin I and 2, outfall headwall I and 2 and the 
Ryebrook. Similarly, for Oxted (Figure 3.6.2 (b)) 18 sites were chosen encompassing 
direct motorway discharge, silt trap, dry weather channel, interceptor, cascade and the 
river Eden. Sediment samples were collected from the pond environment and the 
receiving watercourses. Sample collection and analysis followed the regimes developed 
as described in sections 2.2 and 2.5. 
3.6.3 The efficiency of the balancing pond treatment facilities along the London 
Orbital M25 motorway - stormwater 
The heavy metal content of stormwater for both the inflow and outflow sites during the 
initial stages of storm events in the wet biofiltration pond at Leatherhead is reported in 
Table 3.6.3 (a), with those for the dry detention pond at Oxted reported in Table 3.6.3 
(b). The concentrations represent the heavy metal content of the water under initial 
storm conditions with the figures in brackets representing dry weather periods. Also 
reported are the percentage removal efficiencies during the initial stages of the storm 
events calculated from a comparison between the inlet and outlet sites [Stotz, 19901 in 
addition to both typical background and stormwater heavy metals levels. 
A review of the data reported in Table 3.6.3 (a) reveals that for some heavy metals, 
such as Pb, Cd, Cu, Zn and N4 the contaminant levels are not consistent with typical 
stormwater concentrations [Yousef et A, 19841. For example, the stormwater 
contents of both cadmium from tyre wear, [Specht et A, 19701 and copper from 
brake linings are higher along the London Orbital M25 motorway, than those reported 
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by Yousef et aL (1984). However, the heavy metal content found within the 
stormwater along the London Orbital M25 motorway may reflect a higher daily traffic 
density of 120,000 vehicles per day than those of the Yousef study, where traffic 
densities of 55,000 vehicles per day were common. 
Table 3.6.3 (a) Heavy metal levels of stormwater from a wet biofiltration detention 
pond at Leatherhead (pg/1) 
Element Inflow Outflow % Removal" 
efficiency # 
Background"* Typical Lit. 
values 
V 29 (2.4)* 2.1(0.7) 93 1.0 7-22001 
Cr 105(3.7) 11.5(l. 2) 91 1.0 1-23002 
Mn 329(20) 39(11) 88 7.0 7-38002 
CO 6.7(0.65) 0.50(0.25) 91 0.2 1.3-5.41 
Ni 93(6.5) 8.3(0.6) 91 0.3 53 3 
Cu 274(6) 24(8) 93 5.0 52 3 
Zn 208(35) 28(20) 87 20 498 3 
Mo 20(2.5) 1.9(0.8) 88 1.0 - 
Cd 14.1(0.6) 1.5(0.1) 90 0.02 53 
Sb 8.6(0.89) 2.0(0.89) 91 0.3 3.5-23 2 
Pb 81(8) 10(3) 89 3.0 1558 3 
* n=3 
** Comparison between the concentrations in and out during the initial stages of stonn events 
***[Ward, 1995] 
1 [Dannecker et al., 1990] 
2 [Cole et aL, 1984] 
3 [Yousef et al., 1984] 
+(see Appendix B) 
In addition, the lead content of stormwater collected from the M25 is typically 
20 times lower than that found in the Yousef study, at interstate 4, Orlando, Florida in 
1984. A possible explanation for the lower lead levels Hes in the reduction in the use of 
tetra-methyl lead (TML) and tetra-ethyl lead (TEL) additives in fuel that have 
subsequently lead to the use of new additives, such as methylcyclopentadienyl 
manganese tricarbonyl (MMT) [Lyman et A, 19901. A review of Table 3.6.3 (a) 
shows that lower manganese levels have been found in stormwaters along the M25 
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than typical average literature values [Dannecker et aL, 19901. Unleaded fuel within 
the UK implements the use of Olefins and Methyl Tertiary Butyl Ether (MTBE) in 
preference to MMT. The source of manganese found along the M25 may in fact be 
derived from tyre wear [Cowgill et ah, 19841. 
A review of data reported in Table 3.6.3 (b) for the dry balancing pond at Oxted, 
Surrey, also highlights the same inconsistencies when compared with literature values. 
However, the magnitude of the heavy metal levels found at Oxted is consistently lower 
than those found at Leatherhead, and may reflect a lower average daily traffic density 
of 120,000 vehicles (compare with 140,000 vehicles at Leatherhead). Both sites have 
the same number of vehicle lanes (three) on either side of the carriageway. 
Table 3.6.3 (b) Heavy metal levels of stormwater from a dry balancing pond at 
Oxted (µg/1) 
Element Inflow Outflow % Removal" 
efficiency f- 
Background' Typical Lit. 
values 
V 26 (3.0)* 3.3(l. 2) 88 1.0 7-2200' 
Cr 86(4.9) 14.1(2.4) 84 1.0 1-23002 
Mn 279(25) 39(10) 88 7.0 7-38002 
Co 5.6(0.7 ) 0.8(0.4) 88 0.2 1.3-5.41 
Ni 76(5.3) 8.0(2.5) 90 0.3 53 3 
CU 248(13) 34(9) 88 5.0 52 3 
Zn 188(35) 34(21) 84 20 498 3 
Mo 19(1.9) 3.0(1.0) 84 1.0 -- 
Cd 11.9(0.4) 0.8(0.1) 95 0.02 53 
Sb 5.8(0.75) 0.79(0.46) 86 0.3 3.5-23 2 
Pb 70(7) 8(5) 89 3.0 15583 
* n=3 
** Comparison between the concentrations in and out during the initial stages of storin events 
***[Ward, 19951 
1 [Dannecker et aL, 1990] 
2 [Cole et aL, 1984] 
3 [Yousef et al., 1984] 
* ', (se_e_Appendix B) 
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3.6.4 Balancing pond treatment efficiencies 
Leatherhead: the wet biofiltration pond at Leatherhead implements the use of a reed 
bed and a permanent wet sedimentation pond as pollutant removal devices. The 
combination proves effective in the reduction of heavy metal burden within the 
stormwater. Figure 3.6.4 (a) shows a comparison between the heavy metal content of 
the stormwater at the inflow and outflow to the Leatherhead biofiltration detention 
pond facility. 
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Fig 3.6.4 (a) Comparison of the inlet and outlet metal concentration in 
stormwater at Leatherhead (wet biofiltration detention pond) 
A review of Figure 3.6.4 (a) shows that the reed bed system is effective for the 
removal of metals, such as V, Cr, Co Ni and Pb. However, a few anomalies exist, such 
as Zn, and Mn, where the percentage removal efficiencies are slightly lower. 
Literature values suggest that zinc enters stormwater facilities in a particulate form or 
possibly as a free ion when pH conditions are below 8.0, as is the case at Leatherhead. 
Between storm events zinc may be chemically changed due to the anoxic conditions 
present in the bottom of this pond. As such, zinc may change into a more soluble form 
and move into the water column. At the initial stages of the following storm event the 
remobilised zinc may exit the pond. As each successive sample collection under storm 
conditions was performed during the initial stages of the storm event this may account 
for the apparent lower removal efficiency of zinc. Indeed the same processes may 
occur for the other metals that have lower removal efficiencies (copper and 
manganese). 
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As previously described, the design and construction of detention or balancing 
ponds along the London Orbital M25 motorway are designed to predominately remove 
particulate and suspended solids only [Nix et aL, 19881. Throughout this study all 
water samples were quantified with no prior filtration. The results therefore represent a 
combination of both the dissolved and particulate water phases and this may be 
reflected in the removal efficiency (see section 3.5 for the corresponding data from 
stormwater collected through the balancing pond treatment facilities along the A34 
Newbury bypass). 
For example, the chemical form of cadmium in stormwater runoff is reported to 
be approximately 50 % soluble. For other metals such as Cu, Zn, Pb, Cr and Ni the 
percentage solubility levels are 20-40 %, 30-50 %, 1-10 %, 30-50 % and 50 %, 
respectively [Mesuere et A, 1989 ; Munger et A, 19951 (confirmed by studies 
investigating the phase distribution within these pond facilities as described in section 
4.5.1) Consequently, a lower percentage removal efficiency for cadmium of 89 % 
through the wet biofiltration detention pond at Leatherhead may reflect the relatively 
higher soluble fraction. Conversely, a higher removal efficiency for elements such as 
copper may arise from the higher percentage of copper found in an easily removed 
particulate form. 
A detailed inspection of the stormwater heavy metal levels at each location 
within the wet biofiltration detention pond at Leatherhead is necessary to fully 
understand the heavy metal removal capabilities. Figure 3.6.4 (b) shows the 
concentration for Cd, Pb, Zn and Cu in storinwater from locations throughout the 
length of the facility at Leatherhead collected during the initial stages of storm events. 
During storm conditions basin I can increase in volume from approximately 390 rný (in 
dry conditions) to 3120 rný in (storm conditions) and therefore effectively act to reduce 
the heavy metal burden by the process of dilution. A further decrease in heavy metal 
loading of between 24 and 39 % (considering all metals) may result from sedimentation 
and biofiltration processes. 
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Fig 3.6.4 (b) Heavy metal removal through a wet biofiltration pond (Leatherhead) 
As previously described the use of reed bed technology can have the dual 
function of acting as a biofiltration process in addition to reducing hydraulic flow. The 
reduction of hydraulic flow may allow a longer residence time in basin I thus allowing 
more particulate material to settle out and be incorporated into the pond sediment 
[Nix, 19851. However, other factors also influence the sedimentation process, such as; 
the inconsistent nature of the stormwater inflow; pollutant loads and suspended 
particulate size. The main population of reeds within basin I belong to the species 
Typha latifolia. Many authors have commented on the greater contaminant removal 
efficiency of Typha latifolia over species such as, Iris, Scirpus acutus and Sparganium 
[Ellis et A, 19941 with accumulation within the roots and rhizomes [Mungur et aL, 
19951. 
In addition, the presence of clay originating from the clay-lined base and 
organic material derived from foliar decomposition of Typha latifolia during winter 
months can both aid in the removal of heavy metals from stormwater. These 
constituents provide a source of ligands and adsorption surfaces for the preferential 
binding and therefore immobilisation of heavy metals within basin 1. 
Basin 2 acts primarily as a wet sedimentation trap for the removal of any 
remaining suspended material. The use of partitioning walls acts to increase residence 
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time within each compartment, therefore maximising sedimentation processes. The 
removal efficiency of the wet sedimentation trap is approximately 35 % of the total 
heavy metal load throughout the detention pond. The high volume of inflow during 
storm conditions may act to resuspend material deposited by previous storm events 
within the biofiltration pond, and may therefore carry it into the wet sedimentation 
trap. The depth of water within the trap is such that little resuspension and release into 
the Ryebrook occurs. The water flow within the Ryebrook results in a further dflution 
of approximately 1: 2 for all the metals under investigation. 
Oxted: the treatment facility at Oxted was re-designed in 1994 to incorporate oil 
separators, grit and silt traps. Figure 3.6.4 (c) shows a comparison between the heavy 
metal content of both inflow and outflow components. 
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Fig 3.6.4 (c) Comparison of the inlet and outlet heavy metal levels in 
stormwater at Oxted (dry detention pond) 
Figure 3.6.4 (c) shows that the removal efficiency for V, Cr, Mn, Ni, Cu and Zn is 
lower than those presented in Figure 3.6.4 (a) for Leatherhead (wet biofiltration 
detention pond). The efficiencies of the various detention pond devices can be seen in 
Figure 3.6.4 (d) for Cd, Pb, Zn and Cu for samples collected during the initial stages of 
storm events. 
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Fig 3.6.4 (d) Heavy metal removal through a dry detention pond (Oxted) 
Figure 3.6.4 (d) shows that approximately 21 % of all heavy metals studied are 
removed prior to the silt trap. Removal devices located prior to the silt trap include an 
oil separator and grit settlement trap. The oil separator may also accumulate sediment 
whilst in the process of removing hydrocarbon components from the stormwater. In 
addition, approximately 150 m of transfer pipes and manholes connect the motorway 
surface drainage to the silt trap and contain approximately 2 cm of accumulated 
stormwater sediment. Revitt et aL (1987) revealed the acidic rainfall common within 
the roadside compartment when travelling through the transfer pipes may undergo 
buffering by the underlying sediment and thus increase the pH towards neutral. The pH 
gradient may assist the adsorption of heavy metals present within the dissolved phase 
onto suspended or particulate material and may thus contribute to accumulation. 
An assessment of the inlet and the outlet flows of the silt settlement trap reveals that 
approximately 52 % of the total heavy metal burden in ston-nwater is removed within 
this device. Possible explanations for this reduction may include a dilution factor or, 
the addition of 25 smaller compartments within the silt trap that act to increase the 
residence time and thus increase the removal of suspended material. Figure 3.6.4 (d) 
reveals that the dry detention pond offers little heavy metal removal capability (7 %). 
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Even during large storm events the pond depth is only approximately 0.2 m in depth 
(15 % of full capacity) and may not offer a long enough residence time for pollutants 
to settle and/or adsorb to the clay material lining the pond base. In addition, a short 
residence time during storm conditions may act to resuspend particulate material 
previously deposited and thus produce an apparent lower removal capability. However, 
the flow control dry detention pond interceptor offers substantially more heavy metal 
removal capacity. The river Eden unlike the Ryebrook is comparatively small and 
offers approximately a 1: 1 dilution capability. 
3.6.5 Pond sediment accumulation profiles 
Heavy metals present within pond sediment have accumulated from stormwater 
sedimentation. Thus the removal efficiencies described for unfiltered stormwater are 
intimately linked and applicable to sediment. Table 3.6.5 summarises data from samples 
collected throughout both treatment facilities, with the exception of the receiving 
watercourses. In contrast to stormwater, pond sediment heavy metal levels within both 
facilities show little similarities. Sediment is a long term indicator of pollutant loading 
but may be susceptible to remobilisation during storm events and heavy metal leaching 
through dry weather periods. The results are higher than associated background levels 
but do not show many similarities with reported values. 
Oxted: a review of the data for Oxted reveals a decrease in sedimentation heavy metal 
loading of between I and 20 % (metal dependent) within the underground transfer 
pipes, grit trap and oil interceptor. The transfer pipes provide a substantial residence 
time (approximately 150 m of stormwater piping from road surface to grit trap) for 
suspended particulates to settle. These particulates may be inorganic particles with 
adsorption sites for heavy metals; inorganic hydrous oxides such as iron and 
manganese both amphorus and crystalline that have an affinity for heavy metals; and in 
some cases organic materials from the road surface (rubber, tar, petroleum products) 
that also have an affinity for certain heavy metals, such as copper (see section 4 for a 
full description of heavy metal affinity for various ligands). 
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Table 3.6.5 Pond sediment levels within balancing pond treatment facilities along 
the M25 motorway (mg/kg, dry weight) 
Element 
Leatherhead* 
mean ± s. d 
Oxted** 
mean ± s. d 
Background"* 
mean 
Lit value 
mean 
V 149 9 152 ± 40 1.0 - 
Cr 52.6 29.7 164 ± 44 1.0 681 
Mn 154 92 457 ± 111 7.0 6002 
Fe 5000± 2790 7480± 710 10000 42751 
Co 3.20+ 2.02 35.8 ± 7.0 0.2 
Ni 44.1 25.3 240 ± 55 0.3 291 
CU 132 ± 75 104 ± 50 5.0 731 
Zn 107 ± 51 868 ± 295 20 5381 
Mo 9.16 5.02 3.31 ± 0.78 1.0 - 
Cd 7.08 3.99 36.0 ± 12.4 0.02 31 
Sb 3.69 ± 2.45 5.20 ± 1.33 0.3 - 
Pb 40.9 ± 22.0 30.6 ± 131 3.0 10251 
* n=17 
**n=18 
***[Ward, 1995] 
1 [Yousef et al., 1994] 
2 [Yousef el al., 1984] 
Published studies on the removal efficiency of grit traps are limited, however 
one study has suggested they may remove up to 25 % of sediment (that may have 
heavy metals adsorbed onto complexation sites) and 10 % of metals in the dissolved 
form [Ellis, 19911. The author also indicated two limitations to removal efficiency; (i) 
fine grained and soluble species are not removed (H) sediment and heavy metals 
adsorbed onto the surface of grit may be resuspended during a large storm event. 
An oil interceptor located following the grit trap is so constructed to retain 
stormwater for a sufficient time to allow the oil to be removed but at the same time 
increases the residence time. The increased residence time may allow suspended 
particulate material to settle and accumulate. This accumulation though a benefit in 
terms of sedimentation removal can reduce the effective capacity of the oil interceptor 
and consequently the removal of oil from stormwater. 
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A silt trap located at the entry of the pond allows residence time to be reduced 
and thus accounts for the removal of approximately 50 % of the suspended solids 
present within stormwater. A flow controlled outlet accounts for a Rirther 12-20 % 
(metal dependent) of the suspended solids removal. 
Leatherhead: sediment data from Leatherhead also reveals a decrease in sediment 
heavy metal levels within the transfer pipes at Leatherhead. In comparison to Oxted, 
the heavy metal removal efficiency is substantially lower, primarily due to an absence 
of an oil interceptor and a grit trap. Furthermore, only 15 m of transfer pipe connects 
the road surface and the pond and may not provide a sufficient residence time for 
particulate components to settle. 
The biofiltration pond within the treatment facility at Leatherhead acts to 
reduce residence time and aid in sedimentation, filtration and bioaccumulation 
processes. The heavy metal percentage removal efficiencies are approximately 3-6 
times greater than those calculated for the dry detention pond at Oxted. The presence 
of a silt trap in combination with the biofiltration pond proves effective in the removal 
of suspended material at Leatherhead (see section 4.5.1 for the comparison between 
the dissolved and particulate bound heavy metals through this treatment facility). This 
silt trap is a critical component of the facility as an inspection of the study site showed 
a lack of maintenance throughout the facility. The high volume of inflow during storm 
conditions acts to resuspend material deposited by previous storm events within the 
biofiltration pond, therefore carrying it into the silt trap. The water depth within the silt 
trap is such that little resuspension and release into the Ryebrook occurs. 
3.6.6 Summary 
Tables 3.6.3 (a) and 3.6.3 (b) show that stormwater discharges from both ponds are 
similar in magnitude and a comparison of the receiving watercourses shows 
comparable heavy metal contaminant levels. Each balancing pond facility has unique 
processes that allow the removal of the heavy metals content from storrnwater. At 
Leatherhead a biofiltration pond enables particulate material to settle out through a 
reed bed pond with further sedimentation through a wet pond. At Oxted, a 
conventional oil interceptor, grit and silt traps, and a dry detention pond facility all aid 
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heavy metal removal. The removal efficiencies of heavy metals within the biofiltration 
pond at Leatherhead are higher than those from the corresponding dry detention pond 
facility at Oxted. This result seems surprising due to the lack of specific pollutant 
removal devices (oil separator, grit trap etc. ) and minimal maintenance within the 
facility at Leatherhead. However, removal of particulate material through the 
attainment of a long residence time from motorway surface to receiving watercourse 
may in fact predominate in the overall heavy metal removal efficiency, especially as a 
majority of the motorway-derived heavy metals exist either as insoluble species or 
adhered to insoluble particulate material. The hydraulic flow through the treatment 
facility at Leatherhead is substantially longer than that at Oxted. 
In contrast to transient stormwater levels, heavy metal sediment concentrations 
are not similar and are subject to dry weather leaching and stormwater remobilisation. 
In addition, maintenance is a key factor in the effectiveness of stormwater balancing 
pond treatment facilities [Oberts et aL, 19911. A six month maintenance program at 
Oxted ensures sediment removal from the oil interceptor, silt trap and flow controlled 
outlet. In contrast visual inspection at Leatherhead reveals little in terms of 
maintenance. Periodical removal of Previously deposited particulate material must be 
performed in order to prevent resuspension and sedimentation further down the 
treatment facilities and ultimately the receiving watercourses. Figure 3.6.6 highlights 
the importance of maintenance by comparing the heavy metal enrichment factors (in 
comparison to a non-contaminated upstream site) within sediment ad acent to the 
outlet points for both facilities. The figure shows a greater enrichment of heavy metals 
adjacent to the outlet of the pond facility at Leatherhead. Although the silt trap at 
Leatherhead is effective in the containment of suspended material a build up of 
contaminants through lack of maintenance may nevertheless result in release during 
large storm events. 
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Fig 3.6.6 Enrichment in river sediment adjacent to pond outlets at Leatherhead 
and Oxted 
3.6.7 Comparison of the balancing pond treatment facilities along the M25 and A34 
Newbury bypass 
The full impact of the A34 Newbury bypass on sediment and water quality 
within the river systems at Newbury cannot be established from a short-term 
assessment of their balancing pond treatment facilities. A long-term evaluation over 
several years is required to fully investigate the efficiency of these treatment facilities. 
Consequently, a study of two existing treatment facilities along the London Orbital 
M25 motorway has been undertaken in order to assess the possible long term impact 
upon receiving watercourses at Newbury. 
The data from these treatment facilities cannot be directly compared with those 
present upon the A34 Newbury bypass due to differences predominantly in ADT 
(120,000 M25 and 20,000 A34 bypass). However, comparison of their relative 
removal efficiencies can highlight any trends or area of long term concern for the pond 
systems along the bypass. Figure 3.6.7 summarises the heavy metal stormwater 
removal efficiencies for the ponds along the M25 at Leatherhead and Oxted, and two 
ponds along the A34 Newbury bypass, namely facilities J and K. 
In general the results suggest the removal efficiency decreases along the series; 
Pond K> Leatherhead > Oxted > Pond J. The removal efficiencies for pond J are 
cause for concern even at this early stage. 
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Fig 3.6.7 Comparison of the heavy metal stormwater removal efficiencies at 
various treatment facilities 
At Leatherhead, a biofiltration pond enables a long residence time within the 
facility to be maintained, whilst at Oxted, a ftill complement of specific pollutant 
devices that include, an oil interceptor, a grit trap and a silt trap are required to 
effectively treat storrawater runoff. The long residence time coupled with a secondary 
silt trap present at Leatherhead is consistently better in terms of pollutant removal than 
the specific devices and short residence time present at Oxted. The pollutant removal 
capability at Leatherhead is even more impressive when one considers the lack of 
maintenance seen at this site. However, over time resuspended sediment has been 
discharged and accumulated within the receiving watercourse. 
In comparison, the balancing pond facilities along the A34 Newbury bypass 
combine the good features from both facilities along the London Orbital M25 
motorway and incorporate both a biofiltration system and specific pollutant devices, 
such as oil interceptors. Pond K is the most efficient in terms of pollutant removal (see 
Figure 3.6.7) and has a well established reed bed system that may subsequently 
produce a long residence time. Treatment facility pond J possesses little pond biomass 
and an ill established reed bed system. Consequently, the removal efficiency through 
pond J is lower than the facility at Oxted, where no biofiltration reed bed system exists 
(see section 3.5 for a full explanation into the efficiency of the treatment facilities along 
the A34 Newbury bypass). 
Data from samples collected from the river systems reveal an increase in 
sediment heavy metal levels adjacent to the outlet at pond J. The heavy metal increase 
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in river sediment presumably from remobilisation of previously deposited pond 
sediment might continue to increase until periodically removed by maintenance. Lack 
of maintenance may produce similarly high enrichment factors (taking into account 
ADT) within the river Larnboum to those experienced by the receiving watercourse at 
Leatherhead (where maintenance is minimal). A six month maintenance programme at 
Oxted has ensured deposited sediment is regularly removed allowing minimal transfer 
into the receiving watercourses. The maintenance programmes for the treatment 
facilities along the Newbury bypass are still under review. A review of the other 
balancing pond facilities studied (pond D and H) reveals a similar pattern. A well 
established reed bed system within pond H has minimised subsequent transfer into the 
river Kennet. Conversely, an ill established facility along the river Enborne (pond 
treatment facility D) has allowed accumulation of anthropogenic heavy metals in river 
sediment at the pond outlet. 
To conclude, a well maintained balancing pond treatment facility with a well 
established reed bed system may be the most effective in the removal of heavy metals 
from highway run-offi Unless maintenance and the re-establishment of reed beds 
(within pond J and D) issues are addressed, the potential for accumulation of 
anthropogenic heavy metals within sediment along the rivers Larnbourn. and Enborne is 
high. Over a period of time, it is reasonable to expect a similar level (taking into 
account factors such as, ADT) of heavy metal contamination along the waterways at 
Newbury, as those reported along the London Orbital M25 motorway, if the above 
issues of maintenance and re-establishment of reed bed systems are not addressed. 
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3.7 Summary 
This chapter has investigated the short-term impact of a new road system upon the 
immediate terrestrial and aquatic environment at Newbury. In order to support this 
study an evaluation of the existing A34 roadway and balancing pond treatment 
facilities along the London Orbital M25 motorway were undertaken. The data gained 
in relation to these studies have further provided an estimation of possible long-term 
heavy metal impact along the A34 Newbury bypass. 
The study along the exiting A34 roadway through Newbury has revealed the 
impact of a succession of roundabouts producing accelerating/decelerating and start- 
stop driving patterns has in terms of the accumulation of heavy metals in roadside dust, 
surface soil and vegetation. The results show inconsistent traffic flow patterns have 
increased heavy metal deposition along this road section. For example, a cadmium 
level of 8.5 mg/kg found in roadside dust along the existing A34 roadway is similar to 
that reported along the London Orbital M25 motorway of 9.6 mg/kg, even though the 
M25 supports over three times more traffic. 
To date, few authors have addressed the impact of traffic flow on heavy metal 
deposition within the roadside corridor. Authors that include Wheeler and Rolfe 
(1979) have disregarded factors that include traffic flow, topography and seasonal 
variation, in order to provide a direct relationship between heavy metal burden and 
average daily traffic density. The impact of prevailing wind direction and seasonal 
variation along the existing A34 support previous studies by [Ward, 19891 and 
[Crump et aL, 1980b]. 
A review of the baseline data (pre-opening period) revealed mffiirnal impact 
from either seasonal variance or construction, upon the heavy metal levels in surface 
soil, vegetation, sediment and river water. For example, the Cu, Zn, Cd and Pb levels 
in surface soil during this period were 13.9 ± 0.6,65.6 ± 2.4,0.31 ± 0.03 and 14.9 ± 
1.0 mg/kg, respectively. These values are consistent with reported background levels 
of 15,60,0.3 and 20 for Cu, Zn, Cd and Pb, respectively [Kabata-Pendias and 
Pendias, 1986 ; Ward and Savage, 19941. The importance of assessing the 
background or pre-contaminated 'study area is imperative in order to fully assess the 
true impact of a new road system. References made to background or typical levels are 
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subject to differences in geological variation, climatic conditions and anthropogenic 
activity. 
A Student West evaluation of roadside dust, surface soil and vegetation 
showed a significant (at the 95 % confidence interval) increase in V, Cr, Mn, Fe, Co, 
Ni, Cu, Zn, Mo, Cd, Sb and Pb levels during the 7 month post-opening period. For 
example, an increase in cadmium from 0.31 mg/kg during the pre-opening to 0.56 
mg/kg during the post-opening period was reported. Calculation of enrichment factors 
revealed accumulation of heavy metals in the roadside corridor decreased as follows; 
roadside dust > surface soil > vegetation. This study has provided new information 
regarding accumulation rates of heavy metals in a number of matrices during the post- 
opening period of a new road system. Ward et aL (1990) has also studied a newly 
opened road system but only in relation to lead accumulation. This short-term study 
has not provided sufficient information to evaluate the impact of seasonal variation. 
However, differences in heavy metal burden at sites along the bypass may be attributed 
to acceleration/deceleration traffic flow patterns from vehicular movement across two 
steep valleys. An assessment of heavy metal dispersion along the roadside corridor has 
supported similar studies [Cowgill et aL, 1984 ; Wheeler and Rolfe, 19791 and found 
accumulation was restricted to a 30 m roadside corridor. The study further revealed 
tree barriers and physical barriers were effective in reducing the dispersion of heavy 
metals at distance from the road edge. 
The study of balancing pond facilities along the A34 Newbury bypass has allowed an 
assessment of balancing pond efficiency and sediment heavy metal accumulation from 
stormwater attenuation along a new road system. The balancing pond facilities along 
the A34 Newbury bypass incorporate the latest design by combining oil interceptors, 
silt traps and reed beds. The results revealed balancing ponds K and H have well 
established reed bed systems and consequently good removal efficiencies (typically 95- 
99 %). This data supports other studies on biofiltration reed bed performance 
[Munger et aL, 19951. Poorly established reed beds within ponds J and D may account 
for the lower removal efficiencies found within these ponds. The study reported new 
information regarding accumulation of heavy metals in pond sediment that followed a 
linear pattern during the 7 month study period. 
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The use of a similar pond design for all facilities along the A34 Newbury 
bypass allowed a comparison between pond catchment area (ha) and pond sediment 
heavy metal levels (mg/kg). The data revealed a linear relationship between the two 
parameters and further enhanced previous findings by Yousef et al. (1996) concerning 
a linear relationship between catchment area and pond area for Cu, Zn, Cd and Pb. 
A study of the stormwater levels within the pond facilities show a high input of 
metal contaminant during the initial stages of a storm event that subsequently decreases 
over time. 
A study of two treatment facilities along the London Orbital M25 motorway 
has revealed the biofiltration pond at Leatherhead is more effective than the dry 
detention pond at Oxted. The result was surprising due to the lack of specific pollutant 
removal devices at Leatherhead (such as oil interceptors and grit traps present at 
Oxted) and the limited maintenance. The data supported the use of biofiltration reed 
beds for along term pollutant removal, due primarily to increased residence time. 
However, the study has also revealed sedimentation accumulation within the receiving 
watercourse at Leatherhead, presumably from the remobilisation of sediment deposited 
by previous storm events. A regular maintenance program could remove a large 
proportion of this sediment and prevent discharge into the receiving watercourses. 
The treatment facilities along the Newbury bypass incorporate both specific 
pollutant devices and biofiltration reed bed systems. A lack of biomass within ponds J 
and D have resulted in sediment discharge into the receiving watercourses. Without 
effective maintenance and re-establishment of reed bed systems (design criteria) these 
ponds may have the ability to pollute the river Lambourn and Enborne over time. 
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4.1 Introduction 
The distribution, mobility and biological availability of major, minor, trace and 
ultra-trace elements within the environmental compartment does not simply depend on 
the concentration. Of critical importance is the chemical form and physical 
interactions/associations which elements undergo within natural or contaminated 
systems. Changes in environmental conditions can alter the chemical forms of trace 
elements and heavy metals. Factors that affect changes in chemical form include pH, 
redox potential, and the availability of reactive species, such as complexing ligands 
(both organic and inorganic), particle surfaces for adsorption and colloidal material. 
The determination of the total elemental content within an environmental 
sample furnishes little information on the possible interactions and final destination of 
the element of interest and thus no information regarding toxicity and bioavailablity can 
be gained. Schemes have been developed to identify the most important forms of an 
element, especially in terms of toxicity and bioavailablity. With such information 
available an understanding of possible chemical form changes and environmental 
consequences will prove invaluable. 
Bearing this in mind, this chapter will firstly define speciation and describe 
metal interaction with various retention sites (i-e carbonates and iron/manganese 
oxides) in both terrestrial and aquatic systems. Secondly, will investigate metal 
speciation along two roadside systems and through a number of stormwater facilities in 
order to enhance the interpretation of total heavy metal data in Chapter 3. As described 
in section 1.6.2, little information is available on the change in chemical speciation 
from the impact of a new road system on surface soil. This study aims to evaluate the 
initial chemical speciation of anthropogenic heavy metals within a natural or 
uncontaminated roadside surface soil (the Newbury bypass) and the existing A34 
roadway, a similar well-established road system. A further study will assess dissolved 
and particulate stormwater levels for stormwater facilities along both the London 
Orbital M25 motorway and the A34 Newbury bypass. 
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4.2 Methods of Chemical Speciation 
In order to fully characterise the 'environmental chemistry' of an element it 
would be necessary to evaluate all its chemical forms under the wide range of 
conditions present in natural environmental systems. As a fiffl characterisation is not 
practicable, schemes have been developed to identify the most important chemical 
forms of an element, especially in terms of toxicity and bioavailablity [Batley, 19891. 
Unfortunately, no generally accepted definition of speciation exists. A broad definition 
developed under the Commission of European Communities, Bureau of Reference 
BCR defines speciation as either; (i) the process of identifying and quantifying the 
different defined species, form or phases present in a material or (ii) the description of 
the amounts and kinds of these species, forms or phases present [Ure et A, 1993]; 
Irrespective of the definition, the species forms or phases are defined as either; 
(i) functionally defined; (ii) operationally defined or (iii) specific chemical compounds 
or oxidation states [Ure et A, 19931. 
(i) Functionally defined - is exemplified by plant available species and terms 
such as biologically active or mobile fractions; 
(H) Operationally defined - the physical or chemical fractionation process 
applied to the sample defines the fraction obtained. For example, chemical 
sequential extraction procedures are used to separate metals associated 
with different environmental phases, such as exchangeable, bound to 
carbonates, reducible, oxidisable and residual. Physical procedures, such as 
grain size separations and the separation of water into soluble and insoluble 
species by filtration, are also examples of operationally defined speciation; 
(W) Specific chemical compounds or oxidation states - where the precise 
chemical form of an element is measured or defined. This form of 
speciation often requires hybrid analytical instrumentation (for example 
HPLC-ICP-MS or GC-ICP-MS). Speciation of natural water systems for 
species such as Cr lu and Crjv or Sb m and Sb 1v has been achieved [Isshiki 
et al., 19891. However, for solid samples this type of speciation is difficult 
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as specific extraction procedures tend to alter the speciation and direct 
non-destructive methods, such as NMR, X-ray and vibrational 
spectroscopy, are only sensitive enough for major element constituents. 
Iffespective of the speciation technique used, difficulties in the detennination of 
chemical species (over that of total metal determination) arises from factors that 
include (i) difficulties associated with isolating the compounds; (ii) most speciation 
schemes will disturb the equilibrium that exists between various forms of an element; 
(iii) very sensitive analytical techniques are required for species present at very low 
analyte levels, such as those present in natural water systems and (iv) method 
validation is often difficult due to a lack of suitable certified reference materials. 
Sample collection, preparation and storage can also lead to changes in chemical 
speciation and thus misinterpretation of results. Sample preparation and preservation 
techniques will be discussed in subsequent sections. Chemical speciation of surface 
soils and waters follow very different schemes. For example, water speciation typically 
employs ion exchange columns, chelating resins and electrophoresis. In contrast, soil 
speciation generally employs selective or sequential extraction schemes. 
4.2.1 Aquatic speciation 
An aquatic system may contain a wide range of elements in very diverse 
chemical forms in addition to a large variety of organic components, all of which may 
occur typically at levels of 50 pg/l or below. Furthermore, compounds present within 
the aquatic environment cover a wide range of sizes from a few A! (hydrated inorganic 
ions) to I cm (organisms and debris), with intermediate compounds such as inorganic 
colloids and macromolecular organics possessing both complex and multiple 
properties. 
Heavy metal interaction in solution: the presence of both inorganic and organic 
compounds in water result from processes that include production and degradation of 
terrestrial and aquatic biomass; weathering of rocks and leaching of soil; adsorption 
reactions on suspended particles; particle coagulation and sedimentation in water and 
chemical and biological activity in underlying sediment. Consequently, the chemistry 
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within a given water system will be very much site specific and also subject to seasonal 
variance. Section 1.1.1 describes the constituents and trace element levels in natural 
water. 
Many inorganic components exist in a variety of oxidation states. In an 
oxygenated system each metal should be present in the highest oxidation state 
available. Suspended solid surfaces (as colloidal or particles) play a predominant role in 
the concentration and transport of dissolved heavy metals [Gibbs, 19771. The majority 
of elements are incorporated onto particles by complexation with active surface sites. 
Common inorganic particles include non-clay silicates (quartz, potash, feldspar, silica); 
clays (illite, smectite); carbonates (calcite, dolomite); iron-manganese oxides (geothite, 
magetite); phosphates (apatite) and sulphides. These particles or colloidals can be 
classified as either from a function of their origin (allogenic compounds) or from 
formation in the water column (endogenic compounds) [Batley, 19891. Allogenic 
compounds originate from soil, clays, silicates and iron-manganese oxyhydroxides 
(leached from rainwater). Endogenic compounds include iron-manganese 
oxyhydroxides, calcium and magnesium carbonates and iron sulphides. 
Metals ions, such as Alm, Fe " and Mn! v are strongly hydrolysed under natural 
conditions and can form mononuclear complexes with specific ligands. These ligands 
are typically hydroxide or hydrous oxide and have very reactive surfaces for the 
adsorption of other metals. A review of the literature reveals that the adsorption of 
metals on silica, alumina and hydrated ferric oxide is well documented for synthetic 
materials [Stumm, 19921. 
Several classification schemes for metals have been developed for a better 
understanding of complexing trends with ligands present in solution. The Ahrland- 
Chatt-Davis approach [Ahrland et A, 19581 and the hard-soft-acid-base theory 
[Pearson, 19631 divide metal ions into three classes based on their electronic 
configuration (especially the outer electron orbitals). 
Classification of metals into A-borderline-B, (hard-borderline-soft) describe 
ligand preferences and complexation trends in metals [Nieboer and Richardson, 
19801. Metal ions, such as C2 and Me, have been classified as hard, whereas C4 
FcP, W, W, Zný and PbF have been classified as borderline, with Of being classified 
as soft [Turner et A, 19811. The elements grouped together possess similar 
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reactivies. Figure 4.2.1 represents a scheme for metal complexity interaction in aquatic 
systems. 
Ligands Ls LH x 
Interaction 
/\ /Y/ 
Metal groups In II I 
00 
Concentrations in water 
Where, X- simple inorganic ligands, major anions (except Cr), their donor atom of oxygen and they 
prefer hard metals. 
LH - hard sites of NOM (mostly major oxygenation sites e. g. carboxylate and phenol sites of 
ftilvic acid). 
Ls - soft sites of NOM (e. g. nitrogen and sulphur containing sites of fiilvic acids, aquagenic 
NOMs or peptides). 
Fig 4.2.1 Metal complexity interactions in aquatic systems [Ure et A, 19931 
Strong organic complexation. under strictly controlled experimental conditions 
with various metal ions has also been investigated using humic and fulvic; acids. 
Complexation properties have been represented by average parameters, usually one or 
more site concentrations and stability constant complexes corresponding to one or 
more site types [Klotz and Hunston, 1971 ; Scatchard et A, 19501. However, 
average parameters may be misleading when applying to environmental studies and are 
therefore not comprehensive. 
As detailed in section 1.1.1, heterogeneous complexes are the name given to 
the ill-characterised inorganic and organic multi-figand site containing structures found 
in natural waters that have an affinity for heavy metal components. The sites of these 
heterogeneous complexants can be divided into major and minor sites [Buffle et aL, 
19901. The major sites are those with 90 % or more abundance, often with weak 
binding energies. These include carboxylate and pheolate groups of fulvic/humic acids 
complexes and the carboxylate groups of polysaccharides. 
6 
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The complex nature of metals and their interaction with inorganic, organic and 
heterogeneous complexes requires a speciation method that is both sensitive and 
selective. Techniques, such as NMR, are limited to the study of isolated compounds 
and therefore often require pre-separation and concentration methods which may 
introduce a risk of perturbation [Buffle, 19811. Interpretation models used to simulate 
natural systems are element specific, studying one ligand and a few complexes species 
in a pure solutions and are at best limited. 
Speciation methods can be loosely divided into two categories, firstly those that 
detect the total metal speciation concentration and secondly, those that detect an 
operationally defined fraction of the total. Direct methods, such as ICP-MS, FAAS and 
NAA, have no speciation capabilities and as such must be combined with a preceding 
separation technique. A review of published studies quantifying chemical species in 
water reveal separation can be either by size (filtration/ultra-filtration and gel filtration) 
or by size and charge (dialysis, ion exchange and solvent extraction). 
Separation by size is undertaken by filtration through a 0.45 prn membrane disc 
(cellulose or polycarbonate) and remains a recognised procedure [Gibbs, 19771. The 
filtration separates those components found within the dissolved (soluble) and 
particulate (insoluble) phases. Other terminology used to define separate phases in 
water include (i) Total Solids (TS); (H) Total Volatile Solids (TVS); (iii) Total 
Suspended Solids (TSS) and (iv) Total Dissolved Solids (TDS). 
The above tenninology disregards the fact that there is a continuous scale of 
heavy metal species within the dissolved and particulate phases. The sizes of chemical 
species present within water systems can vary widely from a simple hydrated metal ion 
(< 5 nm) to particulate material (>500 nm). Colloidals are a significant factor that may 
influence metal binding, however problems associated with their removal prevent ftffl 
characterisation. A study by Tipping and Higgins (1982) found small particles to be 
more important in terms of their affinities to metal ions. The mass percentage of these 
small particles is low, however their large total surface area for metal adsorption is 
relatively high compared to larger particles. Studies on suspended particles have found 
they are coated by adsorbed organic matter [Gibbs, 19831 and small colloids (below 
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50 mn) are usually embedded in organic matrices or in a mesh of filaments [FileBa et 
A, 19931. 
4.2.2 Terrestrial speciation 
An assessment of heavy metal speciation in soil systems can fimiish information 
regarding bioavailablity toward plant species and the movement of soluble chemical 
species into the aquatic environment. A heavy metal may be adsorbed onto metal 
hydrous oxides, silicates, carbonates or soil organic material. In soil solution the heavy 
metal can be in a solvated form or complexed with organic and inorganic ligands, 
[Sposito, 19891. Speciation may also be described further by considering bonding type. 
A metal in an ionic form may be bound to clay minerals or organic material by 
Coulornbic forces, whereas covalent bonds may form with surface ligands on hydrous 
oxides. 
Other definitions have been used to describe speciation such as, plant nutrient 
uptake (available and unavailable forms), toxicity and mobility (readily leachable and 
strongly leachable). The residence time of a element within the soil compartment varies 
considerably depending on the mobility which in turn is directly related to chemical 
form. For example, iron, aluminium. and silicon are major elements present in soil but 
only <1 % of their chemical form species cycle per year due to their high immobile. 
Factors affecting the distribution of a metal in different chemical forms include 
pH, ionic strength, solid and solution components/figands, relative affinities of ligands 
for metals, complexing affinities of both soil cations and anions, and also time. 
Specifically defined speciation of soil is difficult due to numerous ligands and 
environmental variables. 
Heavy metal species within soil can be either present within the soluble phase 
as a component of soil solution, or insoluble and adsorb onto soil particle surfaces. 
Dissolved metal species within the soil solution may be bioavailable to most systems 
and can be transported into groundwater or surface water systems. The total dissolved 
elemental content of soil solution varies widely and is metal dependant. The metal can 
be in the form of a simple salt or complexed to a ligand. The inorganic ligands are 
relatively simple to quantify however, the organic ligands consist of heterogeneous 
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compounds of unknown structure and a wide range of relative molecular masses (10'- 
10), in addition to low molecular mass (<I 0') biochemical ligands, such as, carboxylic 
acids [Stevesons and Ardakanis, 19721. 
At soil particle surfaces there occurs an incomplete molecular environment due 
to loss of full co-ordination within the soil. Subsequently, reactive sites are available to 
heavy metals in solution, producing a net adsorption (either positive or negative) at the 
particle-aquatic-solution interface. The presence of reactive functional groups and 
Lewis acid sites upon soil particle surfaces allows three mechanisms of adsorption; (i) 
diffuse layer; (H) outer sphere complexation and (iii) inner sphere complexation. Outer 
sphere surface complexes predominately involve electrostatic bonding and are less 
stable than inner sphere surface complexes that involve either ionic or covalent 
bonding. The competition between ligands for metals in soil solution may be very 
important in controlling the prevalent forms in solution and thus bioavailability/toxicity 
[Batley, 19891. 
Soils containing hydrous oxides at pH >5.0 have a low risk of contaminating 
waterways due to their high affinity for heavy metals. In addition, organic matter at a 
low pH is the only solid phase component of soils capable of retaining heavy metals 
and thus decreasing soluble and exchangeable forms. However, as described the 
speciation of heavy metals is dependant on time, pH and the availability of adsorption 
sites. For example, soluble and exchangeable forms of heavy metals may decrease with 
time into the hydrous oxides (pH 5.0) and organic phases [Ure et A, 19931. 
Conversely soils low in clay minerals, organic material and hydrous oxides will 
not allow a redistribution from the exchangeable and soluble phases. Organic ligands 
(e. g. humate, fulvate, citrate and polyphenols) have the ability to extract metal ions out 
of soil solution therefore decreasing leaching (except when the metal ion concentration 
is high and precipitation occurs). In addition, further anions in solution can also affect 
mobility. 
Sequential extraction schemes: as described above specifically defined speciation of a 
soil is difficult due to numerous ligands and environmental variables. Consequently, 
operationally defined speciation using sequential extraction schemes have been 
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developed for assessing chemical forms in soil and sediment [Batley, 1989 ; Florence, 
1982 Hoffman et A, 19811. Wet chemical extraction (single or sequential) flunish 
information on metals associated with principal accumulative phases in sediments and 
soils. The mineralogical phases that are important in controlling metal concentrations in 
sediment include, hydrous iron and manganese oxides, organic material and clays 
[Horowitz, 19911. 
Fractionation by selective chemical extraction remove or dissociate a specific 
phase with their associated metal bonding. A specific chemical solvent is either specific 
to a particular phase or specific in its mode of action. For example, acidified ethanoic 
acid will dissolve only carbonates and MgC12 win only displace adsorbates [Horowitz, 
19911. There are however, many problems in the use of these operationally defined 
extraction procedures. These include only partial dissolution of a particular phase and 
more importantly the redistribution of an extracted phase into subsequent phases (see 
section 4.3.2). The most appropriate extractants are determined by the aim of study, 
type of solid and by the metals of interest. 
Partial dissolution should implement reagents that are sensitive to only one 
particular geochemical soil phase. Sequential extraction techniques use successive 
chemical extractants of various types in order of greater destructive ability and 
therefore possess greater sensitivity than a single extraction procedure. Three major 
factors influence the success of selective extraction procedures namely; (i) chemical 
properties of a chosen extractant; (H) extraction efficiency and (iii) experimental 
parameter effects (solvent concentrations and time). The use of sequential extraction 
techniques requires knowledge of three further factors namely; (i) sequence of 
individual steps; (H) specific matrix effects (cross contamination and readsorption); and 
(iii) heterogeneity and physical associations (e. g. coating on particles). Table 4.2.2 (a) 
shows metal ion associations in soil matrices and mechanisms required for their release 
JUre and Davidson, 19951. Vrithin most sequential extraction schemes oxidation of 
metals bound to sulphides and those bound to organic material follow metal release 
from carbonates and hydrous oxides. Various sequential extraction procedures have 
been implemented as summarised Table 4.2.1 (b). Most schemes attack the 
exchangeable fraction initially by MgC12 or NFLOAc (pH 7) reagents. 
314 
Table 4.2.2 (a) Metal ion association in soil with corresponding release mechanisms 
Sediment component Metal content source Release mechanism 
Carbonates Physically sorbed, Dissolution in weak acids. 
co-precipitated. 
Sulphides Co-precipitated metal Oxidation of S. 
sulphides. 
Iron and manganese Physical sorption, Reduction of Fe/Mn to 
hydroxides and oxides co-precipitated, lower valency. 
chemi-sorbed. 
Organic acid compounds Sparingly soluble Lowering of pH; 
metal salts, destruction of organic 
metal complexes. matter. 
Lipids, hurnic substances Physical sorption, Destruction of organic 
chemi-sorbed, matter; displacement by 
metal complexes. figands (EDTA). 
Residual Crystal lattices. Destruction of lattice. 
[Ure and Davidson, 19951 
Following the removal of exchangeable components, carbonates are usually attacked 
using HOAc (with or without buffering by NaOAc at pH 5.0). The subsequent steps 
are generally similar and are based on the procedure outlined by Engler et al. (1977) 
and Tessier et al. (1979). These procedures identified the removal of the Fe/Mn oxide 
phase next. Their methods are similar in operational details, such as, solid-to-solution 
ratios, contact time, and washing procedures. With most schemes the pH is usually of 
secondary importance although metal fractionation patterns can differ with change in 
pH [Van Valin and Morse, 19821. Various authors are opposed in view points 
regarding the isolation of organic material. Within most sequential extraction schemes 
oxidation of metals bound to sulphides and those bound to organic material follow 
metal release from carbonates and hydrous oxides. 
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However, many of the inorganic particles are coated with organic matter and as such 
the organic component may need removal first. Knowledge of the dominant coating 
(e. g. oxidised surface material or sulphide rich sediments) need consideration before a 
sequential extraction procedure is used. Other authors argue that the acidification 
required to efficiency remove organic material may displace metal ions sorbed to 
carbonates and arnphrous Fe/Mn oxides and these therefore need to be removed prior 
to organic isolation. 
An alternative is the incursion of the organic step between NH20H. HCI (easily 
reducible step) and the moderately reducing steps [Engler et A, 19771. These 
problems are still in debate as in many environments mixed coatings are present. Some 
authors have dealt with this problem by introducing a non-oxidising extractant for 
organic material such as, Na4P207 (for humic material) prior to oxalate extraction of 
amphorus iron oxides, finally followed by H202 for remaining organics and sulphides 
[Chester et A, 19851. 
Sample handling, as previously mentioned, is very important in maintaining the 
integrity of a sample. For example, a study of anoxic; harbour sediment revealed 90 % 
of cadmium present was associated with sulphur (by electron beam microscopy). 
However, a sequential extraction procedure revealed 34 % exchangeable, 36 % 
carbonate and 22 % reducible oxide bound fractions [Kersten and Forstner, 19861. 
The disagreement evidently resulted from an improper sample drying procedure (for a 
full description of sample preparation refer to section 4.3.1). 
Limitations of sequential extraction procedures reveal the results are only 
representative of operationally defined speciation, rather than quantification of a 
specifically defined chemical species. In conclusion, sequential extraction procedures 
should be regarded as a procedure in which the sample is transferred into a small 
defined artificial environment where shifts in reaction equiMbrium. occurs releasing the 
heavy metal component into solution. 
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4.3 Method Development and Quality Control 
Section 4.2 discussed a number of methods available for chemical speciation, 
with particular reference to sequential extraction schemes for surface soil and filtration 
for stormwater. The application of a particular method requires appreciation of sample 
collection, preparation, analysis and validation. Chapter 2 described the analytical 
sequence developed for the determination of heavy metals. This section will deal 
exclusively with sample preservation and storage, method development, sample 
analysis and validation using sequential extraction procedures. 
4.3.1 Analytical methodology 
Sample collection and pre-preparation for speciation analysis is very complex and 
requires a detailed understanding of sample collection, preservation and pre- 
preparation procedures. The disturbance of equilibrium conditions particularly during 
sampling collection is a major source of error. Water matrices are particularly sensitive 
to changes in heavy metal speciation. 
For example, solvated heavy metals ions within a stormwater sample may 
interact with other ions and ligands to produce many different metal complexes that 
include simple hydrated ions, ion pairs, complex ions (involving inorganic and organic 
figands), and adsorption on colloidal or fine particulate material. The various chemical 
forms of these heavy metals co-exist in equilibrium. A change in speciation may occur 
during sampling, preparation steps and under sample storage conditions if the 
equilibrium is disturbed. Filtration of a water matrix removes suspended material but in 
addition may redistribute the chemical forms of metal species. Heavy metal ions in the 
dissolved phase have a tendency to sorb onto the walls of the storage vessels, a process 
that can be minimised by the addition of HN03 (see section 2.2). However, the addition 
of acid will lower pH and may change the chemical forms of many metals, especially 
those bound to colloidal material or complex species [Batley, 19891. 
Sampling of surface soil and sediment, although less sensitive toward speciation 
changes, still need careful consideration during sample preservation and storage in 
order to preserve chemical speciation of heavy metals. 
A review of published studies reveals many studies do not consider sample 
preservation techniques. For example, the chemical forms of heavy metals within a 
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sediment matrix will vary according to the degree of exposure to air and heating 
(during air or oven drying). A study by Bartlett and James (1980) found heavy metals 
are converted into highly unstable or reactive forms during oven drying. Increased 
organic matter, manganese solubility and exchangeability is a major problem in soil 
drying. Soil drying reduces the proportion of iron extracted by reagents that remove 
amphorus iron oxides and thus suggests an increase in oxide crystallinity [Thomson et 
A, 19801. The use of dried soil or sediment for sequential extraction purposes has 
limited value for bioavailability and speciation measurements. 
A study on the effect of storage time on manganese extractability by N114OAc 
at pH 4.8 for a sediment stored under; (i) air dried; (H) moist frozen; and (iii) moist at 
room temperature, revealed very differing results [Bartlett and James, 19801. The 
data revealed extractability decreased along the order; air dried > moist frozen > moist 
at room temperature. A microbially-induced shift from oxidising to reducing in 
oxidising sediments prevails in wet storage conditions. Refrigeration will delay the 
effects of wet storage although copper and iron extractability was found to be halved 
and doubled within 15 days, respectively [Thomson et aL, 19801. Refrigeration at 4'C 
are acceptable conditions for aerobic soils within polyethylene bags permeable to C02 
and 02 [Bartlett and James, 19801. Freezing was found to enhance water solubility of 
various trace elements such as, manganese (8-17 %), copper (7-15 %), zinc (6-12 %) 
and iron (3-7 %). However, it is virtually impossible to avoid changes in the sensitive 
balance of chemical forms within a terrestrial matrix, unless sequential extraction is 
undertaken immediately after sample collection. 
Within this study an investigation was undertaken into the phase distribution of 
stormwater requiring standard filtration through a 0.45 Pm. cellulose nitrate filter. In 
order to minimise sample perturbation, sample filtration was undertaken where possible 
on site. The resultant water samples were stabilised by acidification using HN03 
(Aristae) to prevent sorption onto the container vessel walls. 
Sequential extraction analysis of surface soil required collection in sealed 
polythene bags. Due to the problems associated with sample drying, by either air or 
oven methods, samples were stored moist at 4 *C until analysis. In order to minimise 
any changes in chemical forms, samples were immediately subjected to sequential 
extraction analysis (approximately 1 day). 
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4.3.1.1 Sample preparation and method development 
Sample preparation for stormwater involved filtration through a cellulose nitrate 0.45 
[tra filter (Whatman GF-I) and polypropylene filtration apparatus (BDH Ltd, 
Hampshire England). The modified sequential extraction procedure adopted for 
surface soil and sediment was that described by Tessier et al. (1979). The procedure 
involves a five step extraction and provides the following information: 
Fraction 1-&changeable: adsorption likely to be affected by changes in water 
ionic composition due to sorption-desorption processes; 
Fraction 2-Bound to carbonates: associated with carbonates or specifically 
adsorbed; 
Fraction 3-Bound to iron-manganese oxides: Fe-Mn oxides exist as nodules or 
coatings on particles; these can be scavengers and are 
thermodynamically stable under anoxic conditions; 
Fraction 4-Bound to organic matter: found bound to organic matter in the 
form of coatings on mineral particles, or bound to humic and fulvic 
acids2 
Fraction 5-Residual. - primary and secondary minerals, within their crystal 
lattice, not reduced over a reasonable time span under normal 
environmental conditions. 
Between each successive extraction the supernatant was removed for analysis. The 
residue was washed with 10 ml of de-ionised water. The volume of de-ionised water 
used was kept to a minimum to avoid potential solubilisation of any of the subsequent 
fractions, especially from the organic fraction. 
Although widely used the Tessier method (E) summarised in Table 4.2.2 (b) 
has been modified by a number of authors for optimum extraction efficiency. 
Modification of fraction 1: a study by Guhnini et al. (1994) found the first extraction 
reagent MgC12 (exchangeable) was not buffered, and therefore the pH decreases 
rapidly to acidic values. Gunn et al. (1988) revealed the solution was not effective in 
extracting exchangeable metals from sediments. Furthermore, many of the studies 
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investigating chemical speciation using sequential extraction procedures implement the 
use of AAS or ICP-AES. Unlike ICP-MS, these analytical techniques do not use mass 
selective detection and therefore are not prone to polyatomic interferences. The 
techniques are also less affected by matrix or non-spectroscopic interferences (see 
section 2.5.2). The suitably of a sequential extraction reagent must not only be 
sensitive and selective to one geochemical phase but also be suitable for ICP-MS 
analysis. The use of IM MgC12 is not only poor in terms of exchangeable metal 
removal efficiency but also presents a potential non-spectroscopic matrix suppression 
effect. Major matrix ions with low first ionisation energies act to inluibit full ionisation 
of analyte elements. Alternatives to MgC12 include IM NaOAc and IM NH4OAc. 
Again IM sodium (23,000 mg/1) acts to suppress the ionisation of heavy metals within 
the plasma zone. Section 2.5.5.3 shows suppression of 74 Ge, 115In and 20913i at a sodium 
concentration of only 300-400 mg/l. NFLOAc has been used as an exchangeable metals 
reagent in a number of studies [Engler et aL, 1977 ; Gatehouse et aL, 19771 and 
represents the most suitable reagent. Section 2.5.5.2 identified a possible polyatornic 
interference from 40Ar 14 NH on 15 Mn. The results revealed a low concentration of IM 
N114OAc (1.4 %) was not sufficient enough to constitute an interference on the 
background ion intensity. 
Modification of fraction 2: the reagents used for fraction 2, within the Tessier 
method again used NaOAc and HOAc for extraction of metals bound to carbonates. A 
number of authors have used 0.11 M HOAc in the absence of NaOAc and found no 
loss in extraction efficiency [Filipek and Owen, 1978 ; Hares and Ward, 19961. 
Reagents used in fractions 3 and 4 do not contain any reagents that may cause 
suppression or polyatornic interferences, with the exception of organic carbon loading 
in the plasma (see below). 
Modification of fraction 5: the Tessier method uses a 1: 1 (v/v) HF/HC104 digestion 
reagent for complete dissolution of the residual heavy metal fraction. However, HC104 
may be potentially explosive on heating and has no advantages over HN03: HF for total 
dissolution [Rayman, 1997]. The modified sequential extraction method is detailed 
below. 
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FR1 I±0.0 1g of substrate was extracted at room temperature with 10 ml of 
IM NH4OAc with continuous agitation; 
FR2 residue from FRI, leached at room temperature for five hours with 10 ml 
0.11 M ethanoic acid with continuous agitation; 
FR3 residue from FR2, extracted with 20 ml 0.04 M NH20H. HCI in 25 % 
(v/v) HOAc at 96 ± YC for six hours with occasional agitation; 
FR4 residue from FR3, mixed with 3 nil 0.02 M HN03 and 5 ml 30 % H202 
adjusted to pH 2 with HNO and heated to 85 ± 2'C for two hours with J3 
intermittent agitation. A second aliquot of 30% H202 (pH 2) was then 
added and again heated at 85 ± 20C for 3 hours with intermittent 
agitation. After cooling, 5 n-A 3.2 M NILOAc in 20 % (v/v) HN03 was 
added and diluted to 20 ml and continuously agitated for 30 mins; 
FR5 residue from FR4, digested with 10 ml HN03: HF and heated to incipient 
drpess. The residue was re-dissolved in 5% HN03- 
All samples were extracted without a drying procedure and thus a moisture content 
was calculated from a small sample allquot. A representative sample was weighed 
heated in a drying oven at 1050C for 24 hrs. The sample was allowed to cool and 
subsequently re-weighed (in order to calculate the moisture content). 
All concentrations reported are therefore on a dry weight basis to enable a comparison 
with total heavy metal determinations. All reagents used were of Aristait grade. 
4.3.1.2 Organic addition (the carbon effect) 
Sequential extraction reagents were traditionally measured using AAS. Due to its low 
detection and multi-element capability ICP-MS represents a good alternative, however, 
the technique suffers the effect of from organic solvent addition. The 'carbon effect' 
has been studied by a number of authors and involves superior transportation efficiency 
into the plasma zone [Churchman, 1997 ; Olesik et A, 19991. As described in 
section 2.5.3, sample transport into the plasma is in the form of a fine aerosol produced 
by a nebuliser and a spray chamber. Within the spray chamber larger droplets are 
removed by impacting with the chamber walls, while smaller droplets undergo 
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evaporation into droplet sizes of >8 prn or, complete desolvation. Sample solutions 
with high vapour pressure rapidly evaporate and are transferred to the plasma zone 
with greater efficiency. Olesik et aL (1999) found increasing manganese analyte signal 
in response to increasing methanol concentrations. 
The sequential extraction reagents implemented use organic solvents and must 
be studied in terms of detection limit and enhanced ion response. For comparison, a 
review of the detection limits obtained for the Finnigan MAT-SOLA ICP-MS using 
5% HN03 (v/v) is described in section 2.2.5. In a similar fashion to section 2.5.5 each 
extraction reagent was aspirated ten times to obtain an estimate of the detection limits 
(based on 6a of the blank signal). Extraction reagent 3 contains 25 % HOAc and 
caused cone blockage due to a build up of carbon deposits on the sampling cone of the 
ICP-MS (see section 2.5.4). Therefore, all the third phase extraction reagent samples 
were diluted to yield a2% HOAc solution. 
The detection limits obtained compare favourably with those reported in 
section 2.5.5 for the isotopes studied, '5Mn , 
5Fe, 6Ni, 65CU, 66Zn' 112 Cd and 20'Pb 
(with the exception of 57 Fe in extract 3). Studies have shown the addition of organic 
solvent into the plasma can result in a reduction in argide interferences by the 
combination of 40Ar and 12C in the plasma zone [Churchman, 19971. The detection 
limit for 5'Fe in the presence of extraction reagent 3 decreased from 3.99 to 2.80 pg/L 
presumably from a reduction in the argide interference 40ArI60 111, on 57Fe. 
In order to assess any effect organic loading may have on the enhancement of 
analyte response and subsequent internal standard correction, a study of each 
extraction reagent was undertaken. The study involved quantification of a 10 Vg/l 
analyte solution in the presence of I% HN03 and the extraction reagents, using 
appropriate internal standards as described in section 2.5.5. The results showed the 
internal standards were adequate in correcting for any increase in ion response from 
organic solvent addition for extraction reagents 1,2 and 4. Figure 4.3.1.2 (a) shows 
the normalised ion response (i. e. internal standard corrected) for Cu, Zn Cd and Pb in 
I% HN03 and extraction reagents 2 and 4. 
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Fig 4.3.1.2 (a) Effect of sequential extraction reagents on normalised ion response 
The enhancement of observed analyte signal for some elements in the presence 
of extraction reagent 3 (containing 2% HOAc) was not sufficiently corrected by the 
use of the appropriate internal standards. Figure 4.3.1.2 (b) shows isotopic ion 
enhancement with increasing levels of HOAc. The figure shows a 2.0 % HOAc 
solution to be the highest in terms of signal enhancement. A review of stable isotopic 
data indicates that there is a relationship between ion response and increasing first 
ionisation energies (LE). Elements such as copper (first LE 7.7 KeV) do not 
experience such increased enhancement as those elements with higher first ionisation 
energies, such as zinc (first LE 9.4 KeV). In a similar fashion to the analyte elements 
the internal standard ion responses were also enhanced depending on their first 
ionisation energies. 
The results revealed selection of an internal standard by considering isotopic 
mass was inappropriate for analyte correction in 2% HOAc. For example, the use of 
''51n for the correction of 112 Cd was unsuitable due to relative differences in their first 
ionisation energies (see Figure 4.1.3.2 (c)). Consequently, a number of alternative 
internals standards to those already implemented (74 Ge, "5 In & 20913i) were investigated 
these included, 103 Rh and 193 Ir (see Figure 4.3.1.2 (c)). 
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Fig 4.3.1.2 (b) Elemental ion enhancement with increasing levels of Ethanoic acid 
The data reported correction with an internal standard of similar ionisation energy was 
most appropriate in normalising signal enhancement from organic solvent addition. The 
following internal standards were used for analyte correction in 2% HOAc; 
74 Ge for 
55 Mn, 57 Fe , 
60Ni, 65CU; '9'lr for 66 Zn and 
112 Cd; and 
20913i for 208 Pb. 
4.3.2 Quality control in sequential extraction schemes 
Many sequential extraction schemes have been developed to assess heavy metal 
chemical species. However, the lack of uniformity within these methods introduces 
problems when comparing data from other sequential extraction schemes. The 
fractionation of the total content of an element in a material into its various species 
often means metal speciation concentrations are low. In addition, the species 
concentrations must be preserved so that they remain constant over the certified life of 
a reference material. The difficulty in certifýýing a reference material for speciation 
analysis is reflected in the relative lack of such certified reference materials. 
Studies by The Measurement and Testing Programme (BCR) of the 
Commission of the European Communities have aimed to; (i) minimise errors in 
sampling, sample treatment and analysis; (ii) identify the most appropriate analytical 
technique and (iii) harmonise the total analytical procedure into a protocol that can be 
used to prepare certified reference materials for speciation analysis. 
325 
0.5 (r/o 1.000/0 1.500/0 2.0 (r/o 2.500/o 3.00% 
1) 
C 
C) 
1 
1 
C) 
C) 
0 
C 
0 -- 
C) 
CIS 
ai 
(0 C) C) C) 00 C> 
(c) C) C) C) 0 C) C) 
C) C> C) 00 (= 
cq C) 00 \0 IT " 
/'CI! SU3)ul U01 P313; )IlOD 
MEN 
ý 9-. 
CD. 
CD CD CD (= CD (= C> 
9 
CD CD CD CD CD CD rA 
C> te) 
, lý! su31ul UOI PD191.1.103 
_c 
iz ýz 
0 
0 
-0 
CD CD CD CD CD CD CD 
CD CD CD (D CD 0 
CD V'l CD V) CD -41ý 
rn rq rq -- 
, ý4! SUOIUI uoi paliýlioj) 
ýo ; 
iu 1u , 
ý 
vý 
CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD rq CD 00 0e rq 
ýpsuajul U01 pajoa. UOD to 
326 
Such certified reference materials include CRM 601, Lake Sediment (certified for a 
three-step sequential extraction procedure). Furthermore, many studies have 
investigated the possibility of re-distribution of heavy metals from one phase to another 
following mobilisation within sequential extraction schemes. A review of the literature 
reveals the re-distribution and re-adsorption of heavy metals in sequential extraction 
schemes can be problematic [Ajayi, 1988 ; Gruebel et A, 19881. 
Many studies have used standard addition and studied the adsorption of metals 
from solution in various extractants [Rendell and Batley, 19801. These include 0.01 
M HCI, 0.1 M hydroxylamine hydrochloride, 25 % C113COOH, NH4OAc and 30 % 
H202. The results suggested that real sediments adsorbed copper, zinc and lead in the 
presence of these extractants. 
A study undertaken by Ajayi (1988) involved the use of adding a major 
sedimentary phase to a real sediment and comparing the distribution patterns of heavy 
metals between phases for the spiked and controlled samples. This study revealed that 
sequential extraction reagents may not be 100 % selective and may attack heavy metals 
held in different retention modes (weakly adsorbed, ion exchange, strongly adsorbed, 
chemically bonded or occluded). Pickering (1981) further revealed that re-distribution 
sites vacated by heavy metals at a given extraction stage are unavailable for adsorption. 
Re-distribution can occur to sites in other retention modes that are yet to be subjected 
to extraction. Currently, no certified reference material has been produced for the five 
stage sequential extraction procedure developed by Tessier et al. (1979). 
Consequently, the data for heavy metal levels reported using this sequential extraction 
scheme in the following sections has no formal quality control. However, a sample 
result was only accepted if the sum of the individual heavy metal fractions was ± 10 % 
of the total heavy metal levels [Batley, 19891. 
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4.4 Terrestrial Contamination 
A review of the literature investigating heavy metal chemical forms show that 
most publications have traditionally focused on lead and usually by evaluating specific 
chemical compounds. A review article by Smith (1976) revealed that tetra-methyl and 
tetra-ethyl lead compounds added to fuel are converted predominately to PbClBr and 
PbS04. A study by Biggins and Harrison (1979) revealed the presence of 
PbS04*(NI14)2SO4 by atmospheric reaction of PbClBr with neutral sulphates. Biggins 
and Harrison (1980) further investigated the ultimate fate of PbS04*(l4H4)2SO4 by 
artificial weathering using sulphuric acid. The authors found PbS04 as the product by 
water leaching in surface soil with 2PbCO3-Pb(OH)2 as the ultimate degradation 
product supporting earlier studies by Ter Harr and Bayard (1971). ZiMdahl and 
Skogerboe (1977) found organic material to be more important in terms of lead 
fixation than precipitation by carbonates or adsorption by iron or manganese oxides. 
Earlier studies by Hidebrand and Blume (1975) showed high molecular weight organic 
compounds to be more important in lead fixation than low molecular weight 
compounds. Consequently, the potential mobility of lead in roadside surface soil is low 
with the study by Hidebrand and Blume (1975) revealing little water leachability. 
The published chemical speciation studies on other vehicular-derived heavy 
metals have predominately focused upon sequential extraction fractionation [Lee and 
Touray, 1998 ; Norrstrom and Jacks, 1998 ; Nowak, 19951. These studies primarily 
use the Tessier et al. (1979) method, however, the results obtained show some 
inconsistencies. Table 4.4 summarises the results from a number of studies 
investigating the chemical speciation in roadside soil. The table shows the relative 
percentage of metal found associated with each of the five extraction phases as 
described in section 4.3.1. The chemical forms of heavy metals in roadside soil depends 
on the emission source and the chemical and physical interactions within a particular 
soil profile. Furthermore, soil classification can play a major role in the distribution of 
heavy metals towards a particular retention phase. A study by Al-Chalabi and Hawker 
(1996) concluded a carbonate-rich soil will predominate lead retention over other 
phases, such as iron-manganese or organic fixation. Furthermore, Norrstrom and Jacks 
(1998) established a positive correlation between soil organic content and organically- 
bound copper providing evidence of dependence on a specific retention phase. 
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As illustrated in Table 4.4 each heavy metal has a different distribution between each 
sequential extraction fraction. 
Manganese has a high affinity for FR3 (bound to iron and manganese oxides 
and hydroxides) with Lee and Touray (1998) also stressing the importance of FR2 
(bound to carbonates) in fixation. In contrast, Nowak (1995) found FRI. 
(exchangeable) and FR5 (residual) as the dominant fractions in Polish soil. Both 
Ferguson and Kim (1991) and Maiz et al. (1997) found FR3 as the dominant fraction 
and supports the generally held consensus that FR3 is the dominant fraction involved in 
manganese fixation [Fergusson and Ryan, 1984 ; Harrison et al., 19811. 
Iron in the soil profile is dominated by FR3 and FR5 as illustrated in Table 4.4. 
Lee and Touray (1998) revealed an association with the FR4 (organic fraction) but to 
a lesser extent than FR3 and FR5. Maiz et al. (1997) found the residual fraction to be 
the most dominant, and fiu-ther commented on the high immobility of iron in surface 
soils (typically <1 %). Similar results have been reported by other authors [Hickey 
and Kittrick, 1984 ; Kabata-Pendias, 19931. A study by Garcia and Millan (1994) 
into the mobility of heavy metals in roadside surface soil found no extractable iron 
using EDTA (complexed and adsorbed forms) chelation. 
Copper reveals a high affinity for FR4, and to a lesser extent FR5. The relative 
proportions associated with the other fractions shows a high degree of variability 
between the authors. Some authors have revealed organic material is often adsorbed on 
to the surface of manganese and iron oxide particles [Hirner, 19921. Norrstrom and 
Jacks (1998) investigated the removal of organic material prior to oxide extraction and 
found variable results. These studies may in part explain the inconsistencies in data 
obtained for fraction 3 (FR3). The mobility of copper (generally considered as FRI and 
FR2) in each study is however appreciable. Copper is therefore considered 
bioavailable, especially in soil profiles with low organic content [Lee and Touray, 
19981. A number of authors have established a correlation between soil organic 
content and copper in FR4 [Fergusson and Ryan, 1984 ; Qian et A, 19961. 
Zinc is predominately associated with FR3, and to a lesser extent with FR2 and 
FR4. However, a few authors have found FR2 to dominate zinc fixation [Harrison et 
A, 1981 ; Lee and Touray, 19981. The associated of zinc with FR2 in roadside soil 
results in high mobility. Maiz et al. (1997) calculated the mobility of complexed, 
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adsorbed and carbonate species and found 20 % of the total zinc soil content was 
mobile. In contrast, a study by Gibson and Farmer (1984) reported the organic bound 
fraction (FR4) dominated, whereas Ma and Rao (1997) found the residual fraction 
(FR5) to dominate. 
Cadmium is predominately associated with the first three extraction stages. 
Studies by Harrsion et al. (1981), and Hickey and Kittrick (1984) found FRI to 
dominate cadmium fixation in roadside soils. In contrast, Ramos et al. (1994), and 
Jordao and Nickless (1989) found FR3 as the dominate fraction in less polluted soils. 
Nowak (1995) found cadmium to be almost entirely associated with the exchangeable 
fraction. Lee and Touray (1998) found 90 % of cadmium associated with FRI and 2. 
Consequently, cadmium is highly mobile within the soil profile and may be leachable. 
Lead is predominately associated with FR3 and FR2. Lee and Touray (1998) 
and Harrison et al. (1981) found FR2 and FR3 to account for 80 % of lead fixation. 
Norrstrom. and Jacks (1998) commented on the high inunobility of lead in roadside 
soil, a factor supported by the earlier studies of Qian et al. (1996). 
A review of section 1.4.2 reveals numerous studies have investigated the 
impact of highway contamination upon the immediate roadside environment. The 
section highlighted a number of factors that are responsible for the dispersion and 
ultimate accumulation of heavy metals in roadside dust, surface soil and vegetation. 
Little information was given upon the fate of the vehicular-derived heavy metals in the 
soil profile and their potential mobility, bioavailablity and leachability. Section 4.2.2 
further described the possible retention sites in surface soils in terms of discrete soil 
component fractions and the sequential schemes available for their isolation and 
quantification. 
4.4.1 The existing A34 roadway 
The study investigating heavy metal deposition along the existing A34 roadway 
through Newbury revealed dependency on factors which include average daily traffic 
density, traffic flow, topography and prevailing wind direction. A replicate sampling 
study along the existing A34 roadway 6 months after the opening of the A34 Newbury 
bypass (see section 3.3.5) found lower heavy metal levels in response to a lower ADT, 
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and possible heavy metal degradation/removal within the soil profile. The study found 
a decrease in heavy metal levels along the existing A34 roadway followed the series; 
Cd > Cu > Zn > Pb, after the bypass had been operational for a period of 6 months. A 
knowledge of speciation at this site may aid in understanding this trend. 
Along the existing A34 roadway, roadside dusts and surface soils were evaluated 
during both summer and winter periods ('97). This study represents a well established, 
contaminated long-term system and may provide important information on the mobility 
and bioavailability within the soil profile. Furthermore, this evaluation may provide 
comparative data for the newly opened bypass. Investigation into the soluble fraction 
of roadside dust may also provide data concerning the importance of soluble chemical 
forms in road runoff. 
Sample location, collection and preparation: samples of both roadside dust and 
surface soil taken for total metal determination were also used for sequential extraction 
analysis. Therefore sample location and collection are identical to that described in 
section 3.2.1. Sample preparation is detailed in section 4.3.2. Samples from both 
roundabout and continuous traffic flow sites (sites 5,8,13,17,18,21 & 23; refer to 
Figure 3.2.1) were subjected to sequential extraction analysis. Sample collection of key 
sites during the winter '97, as detailed in section 3.2.6, was also undertaken to provide 
an assessment of seasonal variation. 
4.4.1.1 Roadside dust and surface soil along the existing A34 roadway 
The extent of knowledge on heavy metal speciation within roadside surface soil 
and to a lesser extent roadside dust is reviewed in section 4.4 and for surface soil is 
surnmarised in Table 4.4. Figure 4.4.1.1 graphically displays sequential extraction data 
for a typical roundabout site (site 5) and a site that experiences a steady-state traffic 
flow pattern (site 8), for roadside dust and surface soil during the summer of '97. The 
surface soil classified as Brown soil has a high percentage of carbonate minerals but 
little organic material. The data for each fraction is summarised as a percentage of the 
sum of the five fractions. 
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A review of Figure 4.4.1.1 reports differences in the heavy metal association in 
each phase for either roadside dust or surface soil. Although not reported, the data is 
similar for all sites investigated and may indicate traffic patterns along the existing A34 
roadway do not influence association within a given retention phase. A comparison of 
the data with those published in other studies for each metal is discussed below; 
Manganese: is predominately associated with the iron-manganese oxide and hydroxide 
fraction within both roadside dust and surface soil. In this study the importance of 
manganese fixation by each retention phase decreases along the series; FR3 > FRI > 
FRS > FR2 > FR4. The data confirms earlier studies by Ferguson and Kim (199 1) who 
found FR3 as the dominant fraction in terms of manganese fixation in roadside dust. 
However, their study also found FR5 as a major fraction and FRI as a minor fraction. 
For roadside surface soil, Lee and Touray (1998) and Maiz et al. (1997) did not 
consider the exchangeable fraction to be important in terms of manganese retention. 
The solubility of manganese in soil, however, is highly dependant on pH and 
redox potential [Lindsay, 19791 and this may account for the differences reported. 
Furthermore, it has been reported that manganese solubility is a function of soil 
drainage properties [Godo and Reisenauer, 19801. At a pH range of 6-8.5 (Newbury 
soil, pH 7.2) Mný' and MnS04 are the most abundant forms in the soil solution 
[Sposito, 19891. The high mobility of manganese in roadside dust (FRI) may aid in its 
removal into drainage systems. However, a review of the facilities studied along the 
London Orbital M25 motorway and the A34 Newbury bypass have not shown 
unusually high stonnwater manganese levels (refer to section 3.5 and 3.6). 
The unimportance of organic fixation is supported by the Irving-Williams 
series, that reveals the organic binding in soil decreases along the series; Cu > Ni > Co 
> Zn > Fe > Mn [Irving and Williams, 19481. 
Iron: in roadside dust has a high affinity for FR3 and FR5 with little or no affinity for 
FR2, FRI and FR4. The data in this study supports Ferguson and Kim (1991) who 
observed a similar fractionation in dust. Similarly, iron in surface soil from along the 
existing A34 roadway has an affinity for the retention phases that decrease along the 
series; FR3 > FR5 > FR2 > FR4 > FRI. The data is supported by both Hem (1978) 
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and McKenzie (1978) who also found manganese and iron oxides to be a major soil 
constituent. 
In contrast, other studies on highway-polluted soils have found iron 
predominately associated with the residual fraction (refer to Table 4.4). Iron is one of 
the major components of soil and often found associated within the mineral phase 
(FR5) [Kabata-Pendias and Pendias, 19861. Fraction 2 plays a small role in iron 
fixation in surface soil collected along the existing A34 roadway and has also been 
observed by other authors (Table 4.4). Kabata-Pendias and Pendias (1986) commented 
on the affinity of iron for carbonate minerals and in some cases the substitution of 
calcium by iron in nodular calcites. Iron in surface soil has a low affinity for organic 
material (FR4) as illustrated by the Irving-%rffmm. series (above). The solubility of iron 
in surface soil is low and decreases in alkaline soil (Newbury) by a process of 
precipitation. Many authors have also commented on the low solubility of iron in soil 
[Lindsay 1979 ; Norrish 19751. 
Copper. in roadside dust along the existing A34 roadway is found almost equally 
distributed between FR5 and FRI. The fractions FR3, FR2 and FR4 represent only 19, 
18 and 5% of the total copper. This data is not supported by other studies ranking the 
fractions in decreasing importance as; FR4 > FR5 > FR2 > FR3 > FRI [Ferguson and 
Kim, 19911. Copper has a well documented affinity for organic material [Stevenson, 
19821 and is found high in the Irving-Williams organic affinity series. However, a test 
of organic content by Loss On Ignition (L. O. I) reveals little organic material present in 
roadside dust at the sites along the existing A34 roadway. Consequently, in the 
absence of organic material other fractions may dominate copper fixation (see section 
4.4.2). 
In contrast, copper is predominately associated with FR4 in the surface soils 
studied, with the importance of the other fractions decreasing along the series; FR2 > 
FRI = FR3 > FR5. A similar test (L. O. 1) reveals a higher organic content in surface 
soils and may explain the preferential binding in FR4. Published studies have also 
revealed the importance of FR4 and FR2 in copper retention. A study by McBride 
(1981) found Cu2' and CUC03 were the predominate ionic species in soil at pH 7.5 
(similar to Newbury soil). This study was confirmed by Sposito (1989) and may 
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suggest a possible explanation for the high retention of copper found in FR2. Copper 
adsorption by iron-manganese oxides and hydroxides has been shown to be of 
importance in low organic soils [Stevenson, 19821. 
Adsorption of copper by FR3 involves divalent substitution of iron or 
manganese. A study by Gadde and Laitinen (1973) has shown adsorption of heavy 
metals by geothite (the most common form of Fe-Mn oxides) to decrease along the 
series; Cu > Pb > Zn > Cd. The authors also revealed iron-manganese oxides 
preferentially adsorb to cations with similar physical dimensions as Mný' and Fe2+,, such 
as, Cuý% Zr? ' and PIP. 
Zinc: in roadside dust along the existing A34 roadway was found predominately 
associated with the exchangeable phase (FRI) and supports data produced on metal 
speciation in NIST 1648 'urban particulate matter' [Hopte et aL, 19801. The 
importance of each phase in zinc fixation decreases along the series FRI > FR5 > FR3 
> FR2 > FR4. 
However, zinc in surface soil is found predominately associated with FR3 with 
retention in the remaining fractions decreasing along the series; FR2 = FRI > FR4 = 
FR5. This data compares favourably with other studies investigating zinc fixation in 
roadside soil (Table 4.4). However, Gibson and Farmer (1984) reported that the 
organically-bound fraction dominated, whereas Harrison et al. (1981) found the 
carbonate-bound to be the dominant retention phase. The high affinity of zinc for iron 
and manganese oxides is supported by McBride and Blasiak (1979) and Kuo and 
Mikkelsen (1979) who both investigated zinc adsorption. Zinc carbonate is sparingly 
soluble and thus it is reasonable to expect a degree of water leaching into the 
exchangeable fraction. In high pH soils (such as those at Newbury) Zný' is reported to 
be the most mobile form and can also exist as ZnCl+, Zn(OH)3,, ZnHC03+ and 
Zn3(P04)2 in soil solution 11toh et A, 19791. 
Cadmium: in roadside dust was found predominately associated with the exchangeable 
fraction (FRI), with FR3, FR2 and FR4 playing a minor role. The results are not 
supported by Ferguson and Kim (1991). However, a study by Hopke et al. (1980) 
investigating the operational speciation of NIST 1648 'urban particulate dust' found 
cadmium was exclusively located in the exchangeable fraction. The data supports the 
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previous findings within the stormwater facilities along the A34 Newbury bypass, 
whereby a high transfer efficiency from the road surface was reported. Pond sediment 
accumulation revealed an exceptionally high enrichment of cadmium compared to 
other heavy metals. High solubility of cadmium in roadside dust may aid in its effective 
removal from the road surface into the stormwater facilities (refer to section 4.5). 
Cadmium in surface soil along the existing A34 roadway was found 
predominately associated with FR3 and to a lesser extent FRI. The fractions FR4 and 
FR2 accounted for approximately 19 and 14 %, respectively. The trend is consistent 
with reported studies. The dominance of FRI and FR2 in cadmium fixation is 
highlighted by studies investigating the mobility and potential toxicity of cadmium in 
roadside soil. Maiz et al. (1997) calculated the mobility of cadmium as between 27 and 
62 % of the total content. Further studies by Lee and Touray (1998) and Harrison et 
al. (198 1) confirmed the high mobility of cadmium in roadside soil. 
Cadmium in soil solution is predominately present in the +2 oxidation state and 
is found in compounds that include CdCf, CdOW, CdHC03+ and Cd(011)3'. The 
mobility of cadmium is pH dependant with solubility decreasing in response to 
increasing pH. Soil pH at Newbury (pH 7.2) is however, below the threshold (pH 7.5) 
where soluble cadmium rapidly decreases. A comparison of the partition between the 
retention phases in roadside dust and surface soil reveals differences in FRI 
association. 
& 
solubility of cadmium in roadside soil within this study is less 
importance than corresponding dust, possibly due to leaching and subsequent 
remobilisation within the soil profile. 
Lea& in roadside dust along the existing A34 roadway is predominately associated 
with FR3. The importance of lead fixation by the other phases decreases along the 
series; FRI > FR4 . FR5 > FR2. Studies by other authors reveal the importance of 
FR3, but also of FR2 [Al-Chalabi and Hawker, 19961. The data is also supported by 
the study on NIST 1648 'urban particulate matter' by Hopke et al. (1980). Studies by 
Biggins and Harrison (1980) into specific chemical forms in roadside material revealed 
PbS04 as a major product in exhaust emissions (refer to section 4.4). PbSO4 is 
sparingly soluble and as such may account for the importance of FRI [Aktins, 19921. 
The study by Biggins and Harrison (1980) also revealed PbC03-Pb(OH)2 as the 
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ultimate degradation product. The importance of FR2 (bound to carbonate or 
specifically adsorbed) found in the other studies may in fact be due to this degradation 
product in aged roadside dusts. 
Lead in roadside soil along the existing A34 roadway is predominately 
associated with FR3 (55 %) and FR4 to a lesser extent (25 %). The trend is in 
agreement with other studies on roadside soil, and support the observation that FR2 is 
important in terms of lead fixation JAI-Chalabi and Hawker, 1996 ; Lee and 
Touray, 1998 ; Norrstrom and Jacks, 19981. A study by Gadde and Laitinen, (1973) 
into Fe-Mn oxide adsorption revealed W' is involved in divalent substitution of Mný+ 
or Fe 2+. Abd-Elflattah and Wada (1981) also revealed the high affinity of lead for 
manganese and iron oxides and hydroxides. Lead has a well documented immobility 
within the soil profile, due primarily to its small soluble component tBradford et A, 
1971 ; Heinrichs and Mayer, 1980 ; Yamasaki et A, 19751. Within the alkaline 
soils of Newbury lead may precipitate as hydroxide, phosphate or carbonate and may 
further become less mobile or susceptible to water leaching. 
4.4.1.2 Solubility and mobility of heavy metals in roadside dust and surface soils 
Solubility and mobility of heavy metals in roadside dust and surface soil has 
been reported by many authors using either FRI (and often FR2) from sequential 
extraction schemes or using specific selective reagents, such as EDTA. The solubility 
of the heavy metals in roadside dust and surface soil along the existing A34 roadway 
are similar to reported studies (Table 4.4) and decrease along the series; Cd > Zn > Cu 
= Mn > Pb > Fe. The dust data is potentially useful in the assessment of the heavy 
metal levels found within stormwater runoff. Heavy metals with appreciable 
leachability may become easily incorporated into stormwater and thus may be a cause 
for concern. The data concerning stormwater runoff from both the London Orbital 
M25 motorway and the A34 Newbury bypass reveal a similar profile where the soluble 
phase component decrease along the series; Cd > Zn > Cu > Pb. This series supports 
the data for the exchangeable fraction (FRI) reported in roadside dust along the 
existing A34 roadway. 
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The study described in section 3.4.3 highlighted roadside dust as a less effective 
heavy metal retention medium than corresponding surface soil. A review of Figure 
4.4.1.1 reveals a higher percentage of heavy metals in the soluble phase than 
corresponding surface soil and may in part explain the lower ability of roadside dust as 
a retention medium. 
The availability of copper within the soil profile at Newbury is lower than 
reported within a number of other studies [Maiz et A, 1997 ; Norrstrom and Jacks 
19981. Copper has a very high affinity for FR4, however, the surface soil at Newbury is 
low in organic material. As organic fixation for copper in Newbury soil is low, other 
soil retention sites such as exchangeable may become significant. 
The surface soil data may also aid in the interpretation of trends highlighted in 
section 3.4.3, where a lowering in heavy metal surface soil levels was reported in 
response to a lowered ADT. Similar trends between the two data sets may suggest the 
exchangeable and possibly a proportion of specifically adsorbed and complexed metal 
species (major mobile soil components) are the first removable phases in response to 
lowered ADT. Data reported in section 3.4.3 revealed the lowered ADT along the 
existing A34 roadway influenced the removal rate of each heavy metal differently. The 
reported removal rate (Cd > Cu > Zn > Pb) is analogous to the percentage of each 
heavy metal reported in the exchangeable phase. 
4.4.1.3 Seasonal variation and heavy metal speciation 
Few studies have investigated the effect of seasonal variation on heavy metal 
speciation along a roadway environment. Section 3.2.6 reports data concerning the 
total heavy metal Merence between summer and winter of '97. The results revealed 
no statistical difference between the seasons with respect to total heavy metal levels. 
Table 4.4.1.3 summarises the mean heavy metal concentration found associated with 
each retention phase in roadside dust and surface soil at site 5 (see Figure 3.2.1) during 
summer and winter. The data has not been represented as a percentage of the total 
concentration (unlike Figure 4.4.1.1), primarily because a relative decrease in FRI (see 
Table 4.4.1.3) would produced artificially higher percentages in other fractions thus 
making data interpretation difficult. 
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Table 4.4.1.3 Seasonal variation of heavy metals in retention phases in roadside 
dust and surface soil (mg/kg, dry weight) 
SUMMER WINTER 
FRI FR2 FR3 FR4 FR5 FRI FR2 FR3 FR4 FR5 
ROADSIDE DUST 
Mn 1336 567 1780 486 661 247 510 1310 124 578 
Fe 1040 1730 7690 200 10610 173 1800 6200 300 9730 
Cu 76.8 50.4 51.7 13.0 63.8 34.4 39.8 39.7 9.8 58.6 
Zn 896 88 564 22 672 194 133 699 64 542 
Cd 5.68 0.91 1.41 0.88 0.45 0.35 1.45 1.08 0.53 0.17 
Pb 70 103 177 52 34 7 98 146 41 41 
SURFACE SOIL 
Mn 362 221 1510 129 245 223 730 1700 109 219 
Fe 439 640 6090 890 5960 130 1415 5390 856 5450 
Cu 26.8 33.3 26.9 54.4 6.7 12.2 30.5 26.0 49.9 6.2 
Zn 103 99 384 48 56 46 130 415 33 31 
Cd 1.02 0.67 1.20 0.50 ND 0.32 1.01 1.35 0.67 ND 
Pb 14 7 76 42.0 7 6 38 74 56 9 
FRI - Exchangeable FR4 - bound to organic 
FR2 - bound to carbonates FR5 - residual or mineral lattice 
FR3 - bound to Fe-Mn oxides and hydroxides ND - not detectable 
The reported decrease in FRI within both roadside dust and surface soil is 
probably due to a greater rainwater leaching during the winter months. Data on 
seasonal variance produced by other authors including Nowak (1995), is also 
summarised as a percentage of a total and therefore cannot be critically compared. 
For surface soil the extent of leaching between summer and winter varies with 
each metal i. e. manganese (5.6 %), iron (2.2 1/6), copper (9.9 %), zinc (8.3 0/6), 
cadmium (20.5 %), lead (5.6%) and is in agreement with their relative percentages in 
FRI within soil collected during the sununer of '97. A heavy metal leached into the soil 
solution can either; remain in solution and be incorporated into groundwater;, or 
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become remobilised into an alternative retention phase [Ure and Davidson, 19931. 
Remobilisation from the soil solution will depend on the relative affinities of the other 
phases for each heavy metal. Data for manganese reveals possible remobilisation into 
FR2, and is in agreement with the high affinity carbonate material possesses for 
manganese (see Figure 4.4.1.1). Iron removal by leaching represents only 2% of the 
total content and thus remobilisation into subsequent phases is minimal during the 
winter months. However, the small percentage of solubilised iron may also be 
remobilised into FR2 as observed by a small increase within the winter data. Copper 
leaching within the winter months, in addition to removing a large percentage of FR1, 
has also removed a small percentage of both FR2 and FR4 phases. A study by 
McLaren and Crawford (1973) suggested an equilibrium exists between FRI, FR2 and 
FR4 as follows; 
Exchangeable-Cu 4--*' 
(FRI) 
Carbonate bound or 
specifically adsorbed-Cu 
(FR2) 
Organically bound-Cu 
(FR4) 
Removal of exchangeable copper may lead to a disturbance in the equilibrium and the 
removal of copper from all three phases. A review of copper retention in roadside 
surface soil along the existing A34 roadway revealed the dominance of iron-manganese 
oxide and carbonates in zinc fixation, and may account for this remobilisation. Soluble 
cadmium leached by rainfall during the winter months may be partly remobilised into 
FR2 and to a lesser extent FR3 and FR4. The carbonate fraction within roadside 
surface soil was found to be of secondary importance compared to fixation by Mn-Fe 
oxides. Lead leached into the soil solution during the winter months may partly be 
remobilised into the carbonate-bound phase. As previously described a detailed study 
by Biggins and Harrison (1980) identified specific lead species in roadside surface soil 
and their degradation products. The authors identified weathering and leaching of 
PbS04*(NI14)2SO4 to ultimately produce PbC03- Consequently, within the winter 
months degradation of anthropogenic: lead compounds may also result in a higher 
association within FR2. 
341 
4.4.1.4 Pearson product moment correlation coefficients 
The data above provides some interesting trends regarding heavy metal 
association in a number of different retention phases and ftirther describes the effect of 
seasonal variance, mobility and solubility. Pearson correlation coefficient analysis 
between a soil property (total heavy metal level) and the relative heavy metal 
concentrations found within a given phase will confirm the validity of the trends 
described above. A few authors have qualified sequential extraction trends by 
correlating heavy metal retention within a phase with that of total heavy metal 
concentration [Qian et A, 19961, organic content and iron-manganese oxide content 
[Norrstrom and Jacks, 19981. 
Table 4.4.1.4 summarises the total heavy metal content of the 14 surface soils 
studied along the existing A34 roadway with their relative concentrations in each 
retention phase. The significance of the correlation coefficients (W) as a function of 
sample population (n7-14) is denoted by the corresponding ItIc. 1c values. At the 95 % 
confidence interval the two tailed ItIcj, is 2.18 for 12 degrees of freedom, where r--O 
(i. e. ItIc. 1, values < 2.18 indicate a correlation exists at the 95 % confidence interval) 
[Farrant, 19971. 
Table 4.4.1.4 reveals all heavy metal fractions are a function of the total heavy 
metal content. A review of the table for manganese and iron reveals FR3 as the most 
significant correlations (highest jtjcaý value and correlation coefficients) and supports 
the trends previously described. Fraction FR5 for iron is also highly-correlated with the 
total iron content and further reveals its significance in iron retention (see Figure 
4.4.1.1). The dominance of copper fixation by organic material is illustrated by a 
highly-correlated Pearson correlation value (at the 95 % confidence interval). The 
significance of FRI, FR2 and FR3 in copper retention is also illustrated by the ItIc. l. 
values. In contrast, a study by Qian et al. (1996) found FR3 to be the most significant 
in terrns of copper retention, with FR4 playing a secondary role. 
The highly-coffelated total zinc/FR3 zinc confirms its dominance as a retention phase 
and supports a similar study by Norrstrom and Jacks (1998). Highly-correlated 
FRI/total cadmium supports the trends described previously and the significance of 
FR3 is confirmed. The dominance of lead retention in FR3 highlighted in Figure 4.4.1.1 
supports earlier studies by Norrstrom and Jacks (1998). 
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Table 4.4.1.4 Pearson correlation analysis of total heavy metal versus fraction 
in retention phases for surface soils along the existing A34 
roadway 
Retention CORRELATION COEFFICIENTS (R 2) 
phase Mn Fe Cu Zn Cd Pb 
FRI: Exchangeables 
w 0.9484 0.8470 0.9675 0.9065 0.9987 0.4422 
ItIc. 1, value 10.9 6.5 13.7 8.2 68.0 3.9 
FR2: Bound to carbonates 
W 0.9020 0.9341 0.9577 0.9052 0.9376 0.4334 
ltlc,, Ic value 8.0 9.7 12.0 8.2 10.0 3.8 
FR3: Bound to iron and manganese oxides and hydroxides 
W 0.9852 0.9966 0.9512 0.9821 0.9940 0.9739 
ItIcw, value 20.2 42.0 11.2 18.4 31.7 15.3 
FR4: Bound to organic material 
W 0.8243 0.8058 0.9812 0.8104 0.9240 0.8739 
ItIcwc value 6.1 5.9 17.9 5.9 9.1 7.1 
FR5: Bound within the primary and secondary lattice structures 
W 0.9062 0.9963 0.8418 0.8259 0.8005 0.7552 
ItIc. 1c value 8.2 40.3 6.4 6.1 5.8 5.3 
t-test; At the 95 % confidence interval Itlem is 2.18 for n= 14 
A review of Table 4.4.1.4 highlights the importance of FR3 in the retention of an the 
heavy metals studied and can be further investigated by studying the correlation that 
exists between iron and manganese in fraction 3 (denoted as the iron-manganese oxides 
and hydroxide content) with that of the other heavy metals. Figure 4.4.1.4 shows the 
correlation coefficients between the FR3 manganese and the FR3 iron content with that 
of other heavy metals within the 14 surface soils studied along the existing A34 
roadway. 
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Figure 4.4.1.4 shows a similar trend for both manganese and iron whereby the 
correlation decreases along the series; Pb > Zn > Cd > Cu. The series reflect the 
relationship between FR3 content in surface soil and the heavy metal retention with 
that given phase. Consequently, it is reasonable to expect lead to be predominately 
adsorbed onto Fe/Mn oxides and hydroxides in a roadside surface soil with a large FR3 
content. 
Comparison of the graphs ftirther reveal iron oxides and hydroxides are more 
efficient in terms of heavy metal retention than the corresponding manganese oxides 
and hydroxides (higher correlation coefficients). The ion exchange and divalent 
reactions that predominate in heavy metal adsorption are more effective upon iron 
oxides sites, and confirms earlier studies by Hoffinan and Fletcher (1978). The authors 
fiirther investigated iron oxide retention using sequential extraction schemes and found 
amorphous oxides to be more important than the corresponding crystalline forms. 
4.4.2 The A34 Newbury bypass 
Section 3.4 addressed the accumulation of heavy metals along the newly 
opened A34 Newbury bypass (see section 3.4) in terms of total heavy metal levels 
during the 7 month study period. This section will assess changes in heavy metal 
chemical form during the study period and may provide valuable information regarding 
the initial destination phases of vehicular-derived heavy metals in surface soil. Other 
studies detailing chemical forms within roadside soil have generally investigated long- 
term road systems. 
Sample location, collection and preparation: samples of roadside surface soil taken 
along the Newbury bypass for total content were also utilised for extraction analysis. 
Sites along the bypass route were studied to provide information on anthropogenic 
input upon differing soil types. Sites chosen included, two at Cromwells Glen (denoted 
Cromwells Glen open and Cromwells Glen field), Kennet field and Chase. Section 
3.3.3 describes in detail soil classification and major components within the 0 and A 
soil horizons. Samples taken from the 7 months post-bypass opening period were 
exclusively studied. 
345 
4.4.2.1 Pre-opening chemical speciation 
As described in section 3.3.3 the Newbury area predominately consists of 
Brown soil with a Chalk and Limestone parent material. The soil has a pH greater than 
7 with little organic material (with the exception of the wooded areas). 
Figure 4.4.2.1 summarises the sequential extraction data for surface son 
collected at various sites along the bypass during the summer of '97 (pre-openini). 
The graphs show differing trends between surface soil sampled from wooded and open 
field areas. In general, the wooded areas contained a higher organic content and thus 
FR4 is more dominant in terms of metal retention than the corresponding open field 
transects. The influence of the Cretaceous Chalk and Limestone parent material is 
highlighted by the dominance of carbonate-metal retention at each site. 
Both the wooded sites have shnilar soil classification and conditions. The 
Brown soil classification at both sites benefit from an 0 horizon rich in organic 
material with good drainage. The surface soil at the Chase site may in addition to 
Limestone and Chalk also have a flint component (SiO2) from the weathering of 
limestone [McGrafh and Loveland, 19921. The open field sites have surface soil that 
are both classified as Brown soil. The Cromwells Glen site has poor drainage and is 
further classified as a Gleyed soil. The Kennet site has a large A soil horizon containing 
feldspar, silica and carbonate minerals. 
Exchangeable: the affinity of heavy metals at each site is consistent with the 
knowledge of chen-dcal forms. Manganese, iron and lead are highly immobile, whereas 
copper has a number of soluble compounds, predominately Cuý' and Cu(OH)3-. The 
data indicates that cadmium has a low solubility and is in contrast to most other 
studies. Within alkaline soils, cadmium mobility is lower and is highly influenced by 
pH. A study by Tiller et al. (1979) found precipitation of cadmium as insoluble CdC03 
predominated in alkaline soils possessing a pH greater than 7.2. 
A higher percentage of metals were found bound to the exchangeable fraction within 
the Cromwells Glen open field site. Poor drainage at this site may have leached a 
higher percentage of metals retained in both the carbonate and oxides phases (see 
Figure 4.4.2.1). 
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Bound to carbonates: is dominant in the retention of all metals within this Cretaceous 
Chalk and Limestone derived soil (with the exception of copper). The retention by lead 
and cadmium is greater than other metals studied and is consistent with studies by 
Carbal and Leefbvre (1998). Furthermore, the geochemical characteristics of W+ 
resemble Caý' and it therefore has the ability to replace calcium in both minerals and 
sorption sites [Kabata-Pendias and Pendias, 19861. However, the retention of 
copper by FR2 at both field sites is higher than for the woodland sites, possibly due to 
lower soil organic content and thus less competition organic ligand fixation. 
Bound to Fe and Mn oxides: are generally important retention sites for metal 
adsorption but in this case play a secondary role. The adsorption of manganese and 
iron by FR3 is higher than other metals studied. The data reports a similar retention for 
metals at each site with the exception of lead, where a lower fixation by FR3 was 
recorded at the woodland sites. Lead may possess a higher affinity for organic material 
than the corresponding oxide material. Therefore, lead retention within the organic-rich 
woodland sites may account for the correspondingly lower FR3 lead levels reported. 
The retention of each metal follows the Irving-Williams series (Cu > Zn > Fe > Pb > 
Mn=Cd) for metal organic stability. 
Bound to organic material: metal association in FR4 at the open field sites are 
different to the woodland sites. High levels of organic material within the woodland 
sites account for a higher metal retention. The retention of each metal follows the 
Irving-Williams series (Cu > Zn > Fe > Pb > Mn = Cd) for metal organic stability. 
Residual: heavy metal retention in this phase i. e. in primary or secondary lattice 
structures is directly related to the geological area and reports little variation within 
sites. The zinc component of FR5 however, is higher at the Chase site and may be due 
to slight geological differences. 
Seasonal variation in uncontaminated surface soils along the bypass route was 
investigated in a similar manner to the study along the existing A34 roadway. The 
sequential extraction data for seasonal variance is illustrated in Figures 4.4.2.2 (a) and 
4.4.2.2 (b) for Cromwells Glen woodland and open field sites, respectively. The 
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sequential extraction data obtained for the winter season reports similar heavy metal 
levels for all retention phases, with the exception of the exchangeable phase. Figure 
4.4.2.2 (a) graphically shows removal of metals associated with FRI, presumably from 
water leaching during sustained rainfall within the winter months (refer to section 
4.4.1.3 for the existing A34 roadway seasonal data). In contrast, data obtained for the 
open field site in Figure 4.4.2.2 (b) reveals little loss in terms of water leaching. Poor 
drainage at the site coupled to its position at the base of a small valley resulted in 
periodical flooding during the winter, and thus may account for the minimal removal of 
metals associated with the exchangeable phase. Good drainage at both the Kennet field 
and Chase woodland sites have produced similar FRI trends to that reported at the 
Cromwells Glen woodland site. 
4.4.2.2 Post-opening chemical speciation 
Figures 4.4.2.2 (a) and 4.4.2.2 (b) summarise the sequential extraction information for 
both pre-opening and 7 months post-bypass opening periods in roadside surface soil. 
The figures show anthropogenic input during the 7 months post-opening period has 
altered the heavy metal chemical forms. These changes in chemical form are dependant 
firstly upon the initial chemical speciation of the heavy metals deposited by vehicular 
activity and secondly on the availability of adsorption or retention sites within the soil 
horizon (i. e. soil classification or components). 
Manganese: Figures 4.4.2.2 (a) and 4.4.2.2 (b) reveal the initial detention phases of 
manganese are within FR3, with FRI and FR4 playing a secondary role. Accumulation 
within the exchangeable fractions (10-12 %) is consistent with the study along the 
existing A34 roadway (15 %) for surface soil. Data for FR2 show no increase in 
manganese retention during the 7 months post-opening period. The results confirm 
trends observed along the existing A34 roadway where retention by FR2 is < 10 %. A 
large proportion of manganese deposited by vehicular activity was reported to be 
adsorbed onto the surface of iron-manganese oxides. The retention by FR3 is lower 
than that produced along the existing A34 roadway (65 %). However, the surface soil 
along the bypass has only been sampled during the 7 months post-opening period and 
thus manganese may still retain a substantial proportion of natural chemical forms. 
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Iron: in a similar fashion to manganese is largely retained by FR3. The results also 
report organic fixation and residual complexation to be important in terms of the 
retention of iron from deposited material. Iron immobility in surface soil sampled 
during the post-opening period (5 %) is consistent with the study along the existing 
A34 roadway (2 %). Heavy metal retention within FR2 remains unaltered. Iron 
retention by iron/manganese oxides and organic material is similar to that reported for 
manganese whereby retention is dependant upon the availability of FR3 and FR4 sites 
in surface soil. Iron retention in FR3 at the woodland site is lower than the 
corresponding open field site possibly due to higher competition with the available 
organic ligands. A relative increase in FR5 during the 7 month post-opening period has 
been reported for both sites. Anthropogenic input of iron is predominately from 
bodywork corrosion, and therefore may possibly enter the soil profile in a metallic form 
(i. e. rust). Sequential extraction analysis only implements strong acid reduction in FR5 
and thus will only solubilise metallic iron within this fraction. 
Copper: Figures 4.4.2.2 (a) and 4.4.2.2 (b) both reveal organic material is 
predominately responsible for fixation of copper deposited by vehicular activity. The 
study along the existing A34 roadway revealed anthropogenic copper fixation 
predominately by FR4 and to a lesser extent FR2 and FR3. The trend within the bypass 
soil reveals an increased accumulation within all fractions. As previously described, the 
extent of accumulation may depend upon the amount of organic material within the soil 
profile. At the open field site, a lower organic soil content may allow a higher 
accumulation of copper in FRI, FR2 and FR3. However, the high organic soil content 
within the woodland soils may compete with the other fractions for available copper. 
Accumulation within FR5 reported during the 7 month post-opening period is 
unaffected by soil organic content and suggests copper may be partly deposited in a 
metallic form, presumably from copper brake fining wear particles [Young, 19971. 
Zinc: adsorption onto iron/manganese oxides is the main mechanism for the fixation of 
zinc in the roadside soil, although an increase in all phases have been reported. The 
data is consistent with the trend reported for the existing A34 roadway. Zinc has an 
affinity for both iron-manganese oxides and soil organic retention sites. Therefore, the 
trends reported for these two fractions may depend upon the soil organic content. A 
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lower adsorption of zinc onto iron/manganese oxides within the woodland site may be 
due to competition from organic fixation within the organic rich 0 soil horizon. A 
relative increase for zinc in FR5 is reported in a similar fashion to iron and copper. 
Zinc is a major component of brake linings and in an analogous fashion to copper may 
in fact be deposited in part as a metallic form. 
Cadmium: present in the FRI represents the dominant retention phase (7 fold increase 
in FRI). The data supports that found in NIST 1648 'urban particulate matter' (100 % 
FRI) and the study along the existing A34 roadway in roadside dust (60 % FRI) and 
surface soil (30 % FRI). Soluble cadmium introduced into the soil profile is highly 
mobile and therefore may also be retained by other phases. Figures 4.4.2.2 (a) and 
4.4.2.2 (b) both show retention by FR2, FR3 and FR4 is consistent with reported 
cadmium retention in surface soil along the existing A34 roadway. The retention of 
cadmium by organic material is higher within the woodland site and may be due to a 
higher soil organic content. 
Lea& retention by FR2 and FR3 are the most important phases for the fixation of lead 
emitted by vehicular activity. The data also indicates some lead retention by the other 
fractions (FRI, FR4 and FR5). An accumulation of soluble lead is consistent with the 
corresponding study along the existing A34 roadway. The association of lead with the 
carbonate phase, however, is higher than that found along the existing A34 roadway 
and is probably due to a combination of natural and anthropogenic chemical forms (i. e. 
pre-opening - 60 %, post-opening - 39 % and existing A34 roadway -10 %). Lead 
has a high affinity for iron-manganese oxides as demonstrated by studies undertaken by 
Gadde and Laitinen (1973), and plays a major role in fixation within bypass soils. 
However, the data reports a lower level of lead fixation than the corresponding 
existing A34 roadway study, again presumably from a combination of both natural and 
anthropogenic chemical forms within the bypass soil profile (i. e. pre-opening - 20 %, 
post-opening - 38 % and existing A34 roadway -55 %). Lead fixation by organic 
material is again dependant upon soil organic content. Figure 4.4.2.2 (a) reveals a 
higher retention of lead by organic material within the organic rich woodland soil 
horizon. A small increase within the residual fraction was found for both the open field 
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and woodland sites. The data is supported by a study confirming the presence of 
elemental lead in roadside dust and surface soil [Olson and Skogerboe, 19751. 
In a similar fashion to the study along the existing A34 roadway, correlation between 
the total heavy metal content and that reported in each retention phase will aid in 
confirming the most important retention phases. Table 4.4.2.2 summarises the total 
heavy metal content with their relative concentrations in each retention phase for the 6 
sites along the bypass route. 
Table 4.4.2.2 Correlation analysis of total heavy metal versus fraction in retention 
phases for surface soils along the A34 Newbury bypass 
Retention CORRELATION COEFFICIENT 2 
phase Mn Fe Cu Zn Cd Pb 
FRI: Exchangeables 
w 0.3811 0.1280 0.0562 0.0008 0.9437 0.0684 
ItIc. 1, value 2.2 2.0 2.0 2.0 6.1 2.0 
FR2: Bound to carbonates 
W 0.1489 0.0044 0.0147 0.1022 0.9339 0.6990 
ItIc. 1c value 2.0 2.0 2.0 2.0 5.6 2.8 
FR3: Bound to iron and manganese oxides and hydroxides 
W 0.7890 0.723 0.2443 0.9063 0.7000 0.7050 
jtjc., ý value 3.3 2.9 2.1 4.7 2.8 2.8 
FR4: Bound to organic material 
W 0.0064 0.0332 0.7972 0.1203 0.1405 0.3006 
ltlc,,, value 2.0 2.0 3.3 2.0 2.0 2.1 
FR5: Bound within the primary and secondary lattice structures 
W 0.1039 0.0034 0.1577 0.0703 0.0218 0.0237 
ItIc. 1, value 2.0 2.0 2.0 2.0 2.0 2.0 
West; At the 95 % confidence interval ItIcj, is 2.78 for n=6 
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At the 95 % confidence interval the two tailed ItIcit is 2.78 for 4 degrees of freedom 
(n7-6). A review of the table reveals lower correlations for all phases in comparison to 
the existing A34 roadway study (see Table 4.4.1.4). The surface soil reported along 
the existing A34 roadway has experienced a longer period of heavy metal deposition 
and thus the influence of natural metal speciation is probably negligible compared to 
the anthropogenic chemical forms. However, Figures 4.4.2.2 (a) and 4.4.2.2 (b) both 
reveal a gradual change in chemical form during the 7 month post-opening period that 
may reflect the influence of highway contaminated material upon a natural 
environment. The non significant correlation coefficients may be directly attributed to 
an influence from a combination of both chemical forms. Table 4.4.2.2 reveals a high 
correlation between total heavy metal content and bound to iron/manganese oxides. 
The high correlation may confirm the importance of these sites for the heavy metal 
retention in roadside soil. 
The importance of copper retention by organic material is illustrated by a 
statistically significant correlation between total-copper and organically bound-copper 
in roadside soil (see Figures 4.4.2.2 (a) and 4.4.2.2 (b)). In a similar fashion the 
significance of FRI for cadmium and FR2 for lead is demonstrated by significant 
correlations at the 95 % confidence interval. 
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4.5 Aquatic Systems 
As described in section 4.2.1 sample collection and integrity of aquatic samples 
can often be complex. Moreover, the complex interaction of heavy metal species in 
aquatic systems requires a speciation method that is both sensitive and selective. 
Consequently, in comparison to total metal determination, chemical speciation of 
highway stormwater has attracted little attention. A review of published studies on 
stormwater fractionation reveals that the majority of studies have investigated the 
chemical speciation of highway runoff from both the dissolved and particulate phases 
[Mesuere and Fish, 1989 ; Morrison et aL, 1984 ; Sansalone, et ah, 1996 ; Yousef 
et aL, 19841. 
The study undertaken by Sansalone et aL (1996) investigated the partitioning 
of heavy metals between the dissolved and particulate phases from a number of storm 
events. The author suggested that within stormwater, copper, cadmium, zinc and 
nickel were mainly found associated with the dissolved phase, with lead and chromium 
found to be associated with the particulate phase. The method used follows standard 
filtration procedures through the use of a 0.45 prn filter membrane in order to separate 
the dissolved and particulate fractions. A dissolved/particulate ratio (D/P ratio) was 
then formulated in order to define the dominant mass fraction for each heavy metal as 
follows; 
D/P = MD/N4p where; MD = mass per unit volume (mg) - dissolved 
Mp = mass per unit volume (mg) -particulate 
Therefore a D/P ratio of > 1.0 indicates the metal is predominately dissolved. A natural 
progression from the D/P ratio leads to an equilibrium distribution coefficient between 
the suspended and dissolved metal concentrations; 
Kd= Cs/C where; Cs = suspended metal concentration (mg/kg) 
C= dissolved metal concentration (mg/1) 
Data produced by Morrison el al. (1984) supported these findings but also found that 
high levels of elements such as copper were found in the particulate phase adsorbed to 
organic material. Heavy metals may have an attraction to suspended particulates within 
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stormwater and Harrison et al. (1983) found fine particulate material to be enriched 
with heavy metals. The data revealed zinc and cadmium were mainly found within the 
dissolved phase, lead was found to be present within the particulate phase and copper 
distributed between both phases. Harrison et al. (1983) found the order of metal 
solubility in stormwater to decrease along the series; Zn > Cd > Cu > Pb. In contrast, 
Morrison et al. (1984) found solubility to decrease along the series; Cd > Zn > Cu > 
Pb. 
A unique study undertaken by Revitt and Morrison (1987) involved an 
investigation into changes in heavy metal speciation through a storm system, by 
considering both the dissolved and particulate fractions. They indicated that heavy 
metal speciation at the outlet will depend upon physical and chemical processes that 
occur during the transport of metals over the urban surface and through the treatment 
facility. Important parameters that control reactions and partitioning at the 
water/sediment interface include flow, suspended solid ratio, dissolved organic carbon, 
ionic strength, pH, anoxic conditions, organic/inorganic ligand concentration and 
mobilisation of metals by biochemically mediated reactions [Revitt and Morrison, 
19871. 
Revitt and Morrison, (1987) separated the dissolved and particulate fractions 
using filtration (0.45 prn). The dissolved fraction was then further separated into; (i) 
electrochemically available; (ii) Chelex removable and (iii) strongly bound. The 
particulate fraction was also partitioned using the Tessier et al. (1979) procedure into; 
(i) exchangeable; (ii) carbonate and or specifically bound; (iii) adsorbed onto Fe 
amphorus or Mn/Fe crystalline particles and (iv) organically bound. This study found 
the Chelex fraction predominated in the soluble fraction indicating heavy metals were 
present as free and weakly complexed organic and inorganic compounds. At the pond 
inlet 76 % of cadmium was reported within the dissolved Chelex (bioavailable) fraction 
and at the outlet 46 % was found in the electrochemically available fraction. This 
clearly indicated that soluble heavy metals were attracted to ligands of medium 
complexing strength. For particulate bound fractions, all heavy metals (with the 
exception of lead) exhibited an increase in the exchangeable fraction through the 
system. 
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A further study by Flores-Rodriguez et al. (1994) again used a Chelex resin to 
separate the bioavailable and the stable forms of the dissolved fraction in stormwater. 
This study found the Fe/Mn crystalline hydroxides and carbonate fractions of 
suspended solids are the most important in terms of metal-binding, irrespective of the 
heavy metal. 
A review of sections 3.5 and 3.6 concerning balancing ponds along the London 
Orbital M25 motorway and the A34 Newbury bypass revealed pond performance may 
partly depend upon the phase distribution of each heavy metal. The following section 
addresses the phase distribution of heavy metals within these facilities in addition to an 
assessment of TS, TSS and TDS. Calculation of TSS and TDS followed recognised 
procedures through filtration and gravimetric determination as described by Cowgill et 
al. (1984). 
A review of the studies investigating the phase distribution of heavy metals in 
storrawater reveal two methods of quantification. The first method involves 
quantification of the unfiltered water sample and subsequent determination of the water 
sample after filtration (dissolved fraction). The undissolved fraction (particulate bound) 
is calculated from the difference between the total and the dissolved form [Yousef et 
A, 19841. The second method involves filtration of a defined volume of the raw water 
sample, followed by determination of the dissolved fraction. The filter residue is 
subsequently digested using mineral acids and then quantified IMesuere and Fish, 
1989 ; Sansalone et A, 19961. Due to the large volume of water sample required to 
obtain sufficient particulate material for acid digestion the second method was 
discounted. 
4.5.1 Balancing pond facilities along the London Orbital M25 motorway 
Section 3.6 addressed in detail the perfonnance of two stormwater balancing 
ponds along the London Orbital M25 motorway. Both these facilities employ very 
different components to reduce pollutant loadings in stormwater. At Leatherhead, a 
biofiltration pond and silt trap aid to reduce pollutant loading. At Oxted, pollutant 
reduction is obtained by specific removal devices that include an off interceptor, grit 
trap and a dry detention pond. The study highlighted the importance of residence time, 
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balancing pond facilities 
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maintenance and heavy metal phase distribution for effective pond performance. T'he 
study reported unfiltered water samples and thus no information regarding the relative 
removal of the soluble and insoluble heavy metal fractions was given. 0 
Sample collection for this study was identical to those investigating unfiltered 
water samples, whereby samples were taken throughout the treatment facility during 
the initial stages of storm events. For sample integrity, filtration and stabilisation was 
performed on site were possible. Sample analysis for both unfiltered and filtered 
samples followed the procedure described earlier in Chapter 2. Table 4.5.1 (a) 
summarises the phase distribution of heavy metals from both facilities with 
accompanying literature values. 
The phase distribution ratios for both Oxted and Leatherhead at the pond inlets 
are similar, whereby the majority of the metals are present within the particulate phase 
(D/P <1.0). Furthermore, a comparison of the D/P ratios between the inlet and outlet 
sites reveals a reduction in the particulate bound heavy metal loading through both 
facilities (as shown by an increase in D/P ratio). Comparison of the D/P metal 
differences at each facility reveals a greater removal of dissolved zinc at Leatherhead (a 
D/P ratio of only 5.1 compared to Oxted with 3.4). A study by Batley and Florence 
(1976) has revealed zinc in stormwater is present in an ionic form and therefore more 
bioavailable towards plant species. The biofiltration pond at Leatherhead may be 
responsible for the removal of a higher percentage of soluble zinc than the 
corresponding site at Oxted, where a reed bed system does not exist. 
The study by Yousef et al. (1988) also reported an increase in D/P ratio 
between the inlet and outlet, even though the initial phase distribution of the heavy 
metals was different. Both sets of data support studies by Nix et al. (1988) and Oberts 
et al. (1991) who both concluded that balancing pond treatment facilities are only 
effective at the removal of insoluble or particulate bound species. 
Figure 4.5.1 (a) shows the relative decrease in TS, TSS and TDS through both 
treatment facilities studied along the London Orbital M25 motorway. Although the 
graphs show different profiles dependant on their design, both show TDS to be 
relatively constant, with TSS and TS following a rapid decrease through the facility. 
Table 4.5.1 (b) summarise the heavy metal and TS, TSS and TDS percentage removal 
efficiencies through each facility. 
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Table 4.5.1 (a) Changes in phase distribution between the inlet and outlet to 
balancing pond facilities with accompanying ratios (ýtg/l) 
OXTED LEATHERHEAD YOUSEF STUDY* 
Parameter Inlet Outlet Inlet Outlet Inlet Outlet 
Cu (D) 75 30 90 48 29 15 
Cu (P) 175 159 183 3 10 2 
D/P ratio 0.4 19.2 0.5 17.2 2.8 6.3 
Zn (D) 78 31 83 4 40 5 
Zn (P) 107 1 128 1 34 1 
D/P ratio 0.7 34.2 0.6 5.1 1.2 3.6 
Cd (D) 6.0 0.6 6.9 2.5 1.7 0.7 
Cd (P) 5.9 0.1 6.6 0.1 0.5 0.1 
D/P ratio 1.0 8.6 1.1 19.4 3.4 7.0 
Pb (D) 13 8 15 15 33 15 
Pb (P) 56 0.2 66 1 148 7 
D/P ratio 0.2 66.0 0.2 29.2 0.2 2.1 
(P) - Particulate bound (D) - Dissolved bound 
D/P ratio = Conc of dissolved species ([tg/])/Cone of particulate species (Vg/1) 
* Yousef et al. (1988) 
The table reveals the effective removal of particulate bound species at both sites 
(typically 99 % removal) and the relative lower removal efficiency of the soluble or 
dissolved species. Figure 4.5.1 (b) and 4.5.1 (c) shows the heavy metal removal 
profiles throughout the facility at Leatherhead and Oxted, respectively. The graphs 
show particulate-bound heavy metal reduction dominates the overall removal 
efficiency. The dissolved heavy metal phase remains relatively constant and supports 
the TDS profile reported in Figure 4.5.1 (a). Since the magnitude of the dissolved 
phase is not dominant in terms of pollutant removal, the initial phase distribution of the 
heavy metals at the pond inlet may partly account for the overall pond efficiency. 
363 
Table 4.5.1 (b) Percentage removal efficiencies of dissolved and particulate bound 
species at Oxted and Leatherhead 
LEATHERHEAD OXTED 
Parameter Percentage removar Percentage rernovar 
TS* 73 84 
TSS* 91 93 
TDS* 14 40 
Cu (P)** 99 99 
Cu (D) ** 49 63 
Zn (P)** 99 99 
Zn (D)** 32 61 
Cd (P)** 98 98 
Cd (D)** 63 90 
Pb (P)** 99 99 
Pb (D)** 78 36 
(P) - Particulate (D) - Dissolved 
+ Stotz, (1990) 
mg/I 
- pg/I 
The soluble fraction measured at the inlet to the Leatherhead facility of Cu (33 %), Zn 
(39 %), Cd (49 %) and Pb (18 %) is similar to that measured at the Oxted facility 
where a soluble fraction of Cu (30 %), Zn (42 %), Cd (50 %) and Pb (16 %) was 
reported. These soluble fractions are also consistent with those quoted by Morrison et 
al. (1984). The high dissolved phase content of cadmium in stormwater produces a 
lower removal efficiency as the soluble compounds move rapidly through the facility 
and may not be removed as effectively as those in a particulate form. In contrast, the 
removal efficiency of lead in stormwater is high and may be due to its lower soluble 
phase content. 
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4.5.2 Balancing pond facilities along the A34 Newbury bypass 
Section 3.5 addressed the efficiency of balancing pond facilities along the A34 
Newbury bypass in terms of heavy metal removal. In a sirnilar fashion to those facilities 
along the M25, the removal efficiencies may be subject to the relative percentage of 
heavy metal present within the soluble or dissolved phases. Figure 4.5.2 (a) displays 
the removal efficiency of TS, TSS and TDS at balancing ponds J and K. The efficient 
removal of TSS and the inefficient removal of TDS at both these ponds support the 
M25 data and also the trends seen by Nix et al. (198 8) and Oberts et al. (199 1). 
Figures 4.5.2 (b) and 4.5.2 (c) display the phase distribution for Pb, Cd, Cu and 
Zn throughout balancing ponds J and K. The profiles support those obtained for the 
corresponding TSS and TDS, whereby the particulate loading decreases rapidly Whilst 
the dissolved fraction remains relatively constant. This data may explain the profiles 
seen in Figure 3.5.4 (c), where difTerences in heavy metal removal profile through the 
balancing ponds may be attributed to phase distributions. - The initial phase distribution 
for ponds K and J are similar to those reported along the M25 (see section 4.5.1). The 
data concerning phase distribution of copper, zinc, cadmium and lead may explain the 
heavy metal dispersion trends reported for the sampling sites experiencing road runoff 
along the rivers Larnboum and Enborne. (see section 3.3.5). 
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4.6 Summary 
This study assessing chemical speciation. has aided in predicting the potential 
leachability, mobility and toxicity of heavy metals in roadside dust and surface soil. As 
previously described chemical speciation has often been neglected when studying the 
effect of motorway contamination on the adjacent environment. The studies available 
typically employed sequential extraction schemes for soils and sediment, and filtration 
for waters. 
The suitability of sequential extraction schemes were investigated in terms of 
sensitivity and selectively in addition to their suitability for lCP-MS analysis. The 
scheme chosen required slight modification [Tessier et A, 19791. The proposed use of 
IM NaOAc in extraction stages I and 2 can cause a matrix suppression effect and the 
use of HC104 in stage 5 is potentially explosive on heating. Furthermore, the 
determination of elements within an organic solvent (HOAc) can cause signal 
enhancement that could not be corrected using the usual internal standards. The study 
found the suitability of an internal standard within an organic matrix was not only 
dependant upon mass bias consideration but also first ionisation energies. The use of 
alternative internal standards with similar first ionisation energies proved effective for 
the correction of the elements under study. 
Studies assessing the chemical speciation of roadside dusts and surface soils along both 
the existing A34 roadway and the A34 Newbury bypass was undertaken. The study 
along the existing A34 roadway showed that the dominant retention phases for each 
heavy metal in roadside dust were as follows; manganese, iron and lead - FR3; zinc and 
cadmium - FRI and copper - FR5 and FRI. The data reported similar phases for 
surface soil. However, copper and cadmium were found associated with FR3 and FR4, 
respectively and may explain differences in the availability of retention sites within 
surface soil. Comparison of the total metal content with extractable metal content from 
each phase statistically confirmed the dominant retention phases. The results showed 
the importance of manganese and iron oxides in the retention of heavy metals in 
surface soil, with fixation decreasing along the series; Pb > Zn > Cd > Cu. 
A study of seasonal variance using chemical speciation for both matrices found 
a reduction in the exchangeable heavy metal content, presumably from water leaching 
within the winter months. The solubility and subsequent mobility of heavy metals in 
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roadside dust along the existing A34 roadway (Cd > Zn > Cu =Mn > Pb > Fe) is 
similar to the trend reported for the soluble phase component of stormwater (Cd > Zn 
>Cu > Pb); both along the London Orbital M25 motorway and the A34 Newbury 
bypass. The data suggests that the exchangeable roadside dust fraction (FRI) may be 
largely responsible for the phase distribution of heavy metals in stormwater. 
The heavy metal solubility trend listed above for roadside dust is similar to that 
reported for the reduction of heavy metal levels along the roadway in response to a 
lowered ADT (6 months after bypass opening). The results suggested a reduced traffic 
density along a roadside environment may initially allow the reduction of heavy metal 
levels possibly by removal of the exchangeable phase (i. e. the mobile and leachable 
chemical forms). Similarly, comparison of the heavy metal removal in surface soil 
within this study also confirms FRI (the exchangeable phase) as the initial phase 
removed in response to a lowered ADT. A review of the data in Figure 4.4.1.1 reveals 
that roadside dust has a higher FRI fraction (considering all heavy metals) and 
therefore may provide an explanation for the lower retention of heavy metals in 
response to a reduced ADT (see section 3.4.3). 
The study undertaken along the Newbury bypass concentrated on the 
evaluation of chemical forms in roadside surface soil. The study evaluated the change 
in chemical speciation from the introduction of a new road system on a natural 
environment. Natural metal speciation from both the woodland and open field sites 
revealed a high retention of all heavy metals by carbonate minerals. Differences in 
retention by FR4 between the two site types, revealed a dependence on soil organic 
content (see Figure 4.4.2.1). The retention by both FR2 (the carbonate phase) and FR4 
(the organic phase) may highlight the dependence of soil classification on the prevalent 
metal retention. 
Further sampling at 7 months post-bypass opening revealed a change in 
chemical speciation. The changes in chemical form may be dependant upon the initial 
chemical speciation of the anthropogenic; heavy metals and on the availability of 
adsorption sites within the soil horizon. The initial destination phases for the 
anthropogenic heavy metals were as follows; manganese and iron - FR2 and FR3; 
copper and lead - FR2 and FR4; zinc - FR3; and cadmium - FRI. The change in 
speciation was further investigated by considering the correlation between the total 
heavy metal and their relative proportion in each retention phase (see Table 4.4.2-2). 
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The data also reported iron, copper, zinc and lead may in part be deposited in a 
metallic form. 
A comparison of the chemical speciation data reported for surface soil along 
the A34 Newbury bypass with that obtained along the existing A34 roadway revealed a 
number of differences. The roadside surface soil along the existing A34 roadway is 
contaminated and thus the influence of natural chemical speciation may be negligible. 
However, the surface soil along the bypass may still retain a large proportion of natural 
metal chemical forms and thus the results may in fact reflect a combination of both 
natural and anthropogenic input. Correlation of the total heavy metal content with that 
found in each retention phase produced weaker correlations than the corresponding 
existing A34 roadway study. These less significant correlations may in fact partly be 
due to a combination of both anthropogenic and natural chemical forms. The data from 
the 7 months post-bypass opening period shows a general trend towards that reported 
along the existing A34 roadway. Therefore, it may be reasonable to expect chemical 
speciation along the A34 Newbury bypass to be similar to the existing A34 roadway 
after the road system has been operational for a period of time. 
An assessment of chemical speciation by the evaluation of dissolved and particulate 
bound heavy metal phases was undertaken on stormwater within a number of balancing 
pond facilities. In contrast, an investigation into the efficiency of facilities along the 
London Orbital M25 motorway and the A34 Newbury bypass initially evaluated 
unfiltered (dissolved and particulate) stormwater samples. 
An assessment of the TSS (total suspended solids), TDS (total dissolved solids) 
and subsequent heavy metal levels in both dissolved and particulate forms throughout 
each pond facility reported dissolved metal forms were less effectively removed than 
particulate forms. The D/P ratio (dissolved/particulate concentration ratio) at each 
pond inlet was similar and increased throughout the facility (i. e. the particulate phase 
component decreased). For example, Table 4.5.1 (b) reports the soluble heavy metal 
component of stormwater for the facilities along the Orbital M25 motorway have a 
removal efficiency of only 32-78 %. In contrast, the particulate bound species 
experienced a greater removal efficiency typically in the order of 99 %. Consequently, 
the phase distribution at the pond inlet may partly account for the overall pond 
efficiency. 
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5.0 Conclusions 
As described in section 1.7 the three main objectives within this thesis involved 
investigations into: (i) the development of an analytical procedure for the determination 
of heavy metals in a number of environmental matrices; (ii) the effect of heavy metal 
accumulation along the newly opened A34 Newbury bypass, and (iii) the efficiency of 
newly operational balancing pond facilities. The following chapter will draw 
conclusions from these principal areas of research. 
5.1 Analytical Methodology 
Lack of uniformity in published sample collection, digestion, analysis and 
validation protocols prompted an investigation into the development of a 'valid' 
analytical procedure. The analytical procedure was essential to enable comparisons of 
the data within all studies. 
Sample collection procedures for highway-contaminated surface soils and 
vegetation were evaluated in terms of single/composite sampling and sample size. 
Evaluation using a Student West revealed no statistical difference at the 95 % 
confidence interval between either sampling method. Investigations into sample size 
revealed 50 ±Ig and 20 ±Ig, to be the minimum requirements for homogeneity in 
surface soil and vegetation, respectively. A similar study into highway stormwaters 
revealed composite sampling possessed no advantage over single sampling in terms of 
sample representativeness. A further study revealed 25 ±I mls to be the minimum 
volume required for sample homogeneity. Evaluation of sample preservation and 
storage procedures for water matrices showed the importance of sample stabilisation 
(using acidification) and sample refrigeration. 
Sample digestion using mineral acids compared two techniques, namely 
conventional open vessel and closed vessel microwave digestion. Acid digestion 
reagents and sub-sample size were identified as important factors to ensure optimum 
digestion capability. Open vessel digestion using 1: 1 (v/v) HN03: HF and 1: 1: 1 (v/v) 
HN03: HF: H202 proved effective for the dissolution of vegetative and environmental 
matrices (soils and sediments), respectively. In contrast, 1: 1 (v/v) HN03: HF proved 
effective in the dissolution of both matrix types using closed vessel microwave 
digestion. For both digestion methods 0.10 ± 0.01 g and 0.25 ± 0.01 g sub-sarnple 
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sizes were evaluated as the minimum requirement for homogeneity in environmental 
and botanical matrices. The study revealed microwave digestion did not possess a 
higher digestion efficiency than the corresponding open vessel digestion method with 
the use of appropriate dissolution reagents. 
The suitability of inductively coupled plasma mass spectrometry (ICP-MS) as 
an elemental technique for the determination of heavy metals in a number of matrices 
was undertaken. The study investigated possible interferences from major sample 
matrix elements and sample preparation solvents. The data revealed possible 
polyatomic interferences from 35CII60 on 51V; 35CII60 1H on 5'Cr; 40 Ar'4N'H on 15 Mn; 
44 Ca 160 on 6GNi and 49Ti'60 on 65 Cu. The polyatornic interferences present at the 
concentration levels found in real samples did not interfere with low level 
determination of these isotopes. A study of non-spectroscopic interferences from the 
presence of major matrix components (sodium and calcium) reported no internal 
standard suppression. Analytical parameters including analyte signal optimisation, 
internal standardisation, limit of quantification (L. O. Q) and precision were also 
evaluated. The Finnigan MAT-SOLA utilised in this study produced typical L. O. Q's in 
the range of 0.08-3.99 pg/l for the elements studied, with a long-term precision of 
5.0-8.0%. 
An investigation into heavy metal quantification within sequential extraction 
reagents revealed an enhanced analyte response in the presence of organic solvents. 
The study concluded the use of an internal standard with a similar first ionisation 
energy to the analyte element was sufficient for signal correction within sequential 
extraction reagents. 
Quality control within this study routinely involved the use of certified 
reference materials (CRM's) and in-house reference materials. The CRM's were used 
to validate the sample digestion methods. The method of standard addition also proved 
effective in confirming the most appropriate sample digestion procedure. An inter- 
laboratory study investigated a number of stonnwater samples, soil digest solutions 
and CRM's using an ELAN 6000 ICP-MS located at the Agricultural University of 
Norway, As, Norway. Interpretation of the data using a Paired t-test revealed no 
statistical difference (at the 95 % confidence interval) between the two laboratories. An 
inter-method comparison on a number of real and certified materials using INAA 
further reinforced results reported within this study. A Paired Mest revealed a non- 
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statistical difference at the 95 % confidence interval between heavy metal levels in 
roadside surface soil using either ICP-MS or instrumental neutron activation analysis 
(INAA). Moreover, the data for the CRM's agreed favourably with the certified values 
(no significant difference at the 95 % confidence interval). 
5.2 The A34 Newbury Bypass 
The construction of the A34 Newbury bypass provided an opportunity to study 
the environmental effect of heavy metals along a new road system. The study also 
allowed an investigation into; 
(i) the existing A34 roadway through Newbury (comparative data on a 'wen 
established' road system), 
(H) the change in chemical speciation along the A34 Newbury bypass during the 
7 month study period (an assessment of the heavy metal retention phases 
within a roadside environment). 
The Existing A34 roadway: the study investigating the existing A34 roadway 
through Newbury reported higher heavy metal levels within roadside dust, surface soil 
and vegetation than one may expect from a road system with an approximate ADT of 
40,000. The heavy metal levels were consistent with published studies investigating 
road systems with traffic densities of 125,000 vehicles/day [Motto et aL, 1970 ; Ward 
and Savage, 19941. The data revealed a succession of roundabouts along this road 
section produced accelerating/decelerating driving patterns that subsequently degraded 
to stop-start driving patterns during peak traffic flow. The highest levels of deposition 
predominated at these roundabout sites (refer to Figure 3.2.3 (a)). Statistical 
evaluation using a Student West found a significant difference (at the 99 % confidence 
interval) between heavy metal levels in roadside dust from sites experiencing traffic 
flow problems and those experiencing sustained vehicular movement (refer to Table 
3.2.3). The evaluation provided new evidence to suggest that accelerating/decelerating 
traffic flow patterns can result in greater wear on vehicular components and 
subsequently release of higher heavy metal loadings into the roadside environment. 
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An inspection of the data also revealed the effect of wind direction on heavy 
metal accumulation along the east side or downwind sampling sites. The data was 
consistent with previous studies [Cannon and Bowels, 1962 ; Chow, et al., 1970 ; 
Motto et al., 19701. An evaluation of seasonal variance using a Student West revealed 
no statistical difference (at the 95 % confidence interval) in heavy metal levels reported 
in roadside dust and surface soil. In contrast, roadside vegetation revealed a statistical 
difference (at the 95 % confidence interval) in heavy metal levels reported within the 
summer and winter months (refer to section 3.2.6). The data is consistent with a 
previous study by Crump et al. (I 980a) but not with those of Ward et al. (1979). 
Impact of anthropogenic input along the A34 Newbury bypass: an evaluation of 
four terrestrial sites along the pre-opened A34 Newbury bypass showed heavy metal 
levels to be consistent with typical background levels for both surface soil and 
vegetation. An assessment of the sites during bypass construction revealed little 
variation in heavy metal levels (see section 3.3) and produced evidence to suggest 
minimal disruption of this roadside environment during construction. An assessment of 
the pre-opening heavy metal levels provided a new opportunity to assess the initial 
heavy metal dispersion and accumulation both along and at a distance from a new road 
system. 
Analysis of roadside dust, surface soil and vegetation during the 7 month post- 
bypass opening period (using a Student t-test) revealed a statistical increase in all 
heavy metals at the 99 % confidence interval. For example, during the study period the 
lead levels increased from 37.9 ± 4.1 to 175 ± 15 mg/kg in roadside dust; 16.4 ± 2.0 to 
87.7 ± 7.3 mg/kg in surface soil and 0.72 ± 0.08 to 8.71 ± 0.10 mg/kg in vegetation. 
The increase in heavy metals levels, although highly significant, were 
substantially lower than those reported along the existing A34 roadway. The data 
confirms previous studies by Wheeler and Rolfe (1979) and Chow (1970) who 
highlighted the importance of both ADT and road age in the accumulation of heavy 
metals along the road edge. Furthennore, comparison of the heavy metal surface soil 
data with the Maximum Adn-iissible, Concentrations quoted by ICRCL revealed a 
relatively low level of contamination within the first 7 month post-opening period. 
Comparison of each sample matrix revealed a heavy metal burden decrease along the 
375 
series: roadside dust > surface soil > vegetation. The trends were similar to those 
reported along the existing A34 roadway and those by Little and Wiffen (1977), Motto 
et al. (1970) and Ward (1990). 
The study also showed that heavy metal accumulation in roadside dust, surface 
soil and vegetation during the 7 months study period followed a linear pattern. Figure 
3.4.1 (i) graphically displays a plot of heavy metal surface soil concentration against 
time for a typical sampling site. Enrichment factors were calculated by comparing the 
relative heavy metal accumulation over the 7 month post-opening period with those 
reported within the pre-opening period (refer to Table 3.4.1 (d)). This investigation 
provides new data on the initial accumulation of heavy metals in the roadside corridor. 
Cadmium accumulation was reported to be especially high and may result from greater 
tyre degradation upon the porous asphalt road surface [Muschack, 1990 ; Odey, 
19981. 
A detailed inspection of the heavy metal levels reported in all matrices along 
the edge of the A34 Newbury bypass has revealed an inconsistent pattern of heavy 
metal accumulation within the 7 months post-opening period. Acceleration and 
deceleration from vehicles negotiating steep road gradients may account for the 
inconstant accumulation patterns (refer to section 3.4.1). 
The study investigating heavy metal dispersion at distance from the road edge 
found accumulation predominately within the first 30 metres. The data supports earlier 
studies by Lagerwerff and Specht (1970), Milberge et al. (1980), Johnson and 
Harrison (1984) and, Ward et al. (1989). This research has reported heavy metal 
accumulation decreased rapidly at distance from the road edge but not in an 
exponential fashion as suggested by Ward et al. (1975) or Wheeler and Rolfe (1979). 
Comparison of heavy metal profiles along two adjacent transects (one in an 
open field and one in a wooded area) revealed dispersion along the wooded transect 
was largely confined to an area within the first 20 rn of the road edge. In contrast, in 
the absence of any tree obstructions, heavy metal dispersion along the open field 
transect was reported at a distance of 30 m. The dispersion and subsequent 
accumulation trend reported in both surface soil and vegetation along a given transect 
was dependant on the heavy metal. 
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A review of the heavy metal data within the four transects has revealed a 
possible dependence on both topography and particle size. Two distinct profiles at 
increasing distance from the road edge has revealed heavy metal dispersion to be a 
function of particle size. This previously unpublished data suggested that heavy metals 
typically associated with vehicle emissions (< 10 pm: Mn, Ni, Mo, Sb and Pb) were 
found in greater concentrations at a distance from the road edge, than those associated 
with wear and tear particulates (> 50 pirc. V, Cr, Fe, Cu, Zn and Cd). 
Chemical speciation in the roadside environment: sequential extraction analysis of 
roadside dust and surface soil along the existing A34 roadway provided information 
regarding the chemical speciation of heavy metals along a contaminated road system. 
The data reported the dominant retention phases for each heavy metal in roadside dust 
as; bound to iron and manganese oxides-FR3 (Mn, Fe & Ph); exchangeable-FRI (Zn & 
Cd) and a combination of exchangeable-FRI and residual-FR5 (Cu). In comparison, an 
evaluation of the heavy metals in roadside surface soil revealed the dominant fractions 
for manganese, iron and lead remained unaltered. However, copper and cadn-Aurn were 
found associated with FR4 (bound to organic material) and FR3 (bound to iron and 
manganese oxides), respectively and may explain differences in the availability of 
retention sites within surface soil. In general, the data supports earlier studies on 
roadside dust and surface soil [Ferguson and Kim, 1991 ; Lee and Touray, 1998 ; 
Norrstrom and Jacks, 1998 ; Nowak, 19951. However, these studies have 
investigated a limited number of samples and only for one sample matrix at any site. 
This study has provided new data not previously published and highlights differences in 
the retention of heavy metals in both roadside dust and surface soil within one site. 
The data concerning the solubility and subsequent mobility of heavy metals in 
roadside dust along the existing A34 roadway (Cd > Zn > Cu = Mn > Pb > Fe) was 
found to be similar to the trend reported for the soluble phase percentage within 
stormwater (Cd > Zn > Cu > Pb) from both the London Orbital M25 motorway and 
the A34 Newbury bypass. This data suggests that the exchangeable roadside dust 
fraction may be partly responsible for the heavy metal levels found within the soluble 
phase of stormwater. The data is consistent with earlier studies on heavy metal 
solubility in roadside dust and surface soils [Lee and Touray, 1998 ; Maiz et A, 
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19971. The heavy metal solubility trend reported in roadside dust and surface soil also 
supports the trend in the lower heavy metal levels (in response to a lowered ADT) 
found along the existing A34 roadway, 6 months after the opening of the A34 
Newbury bypass. 
An assessment of seasonal variance on heavy metal chemical forms in roadside 
dust and surface soil revealed a relative decrease in the exchangeable fractions, 
consistent with higher rainwater leaching within the winter months. The data shows a 
mean reduction in Cu, Zn, Cd and Pb levels in surface soils between the surnmer 26.8, 
103,1.0 and 13.8 and winter seasons 12.2,46,0.3 and 5.5 mg/kg, respectively. 
An assessment of heavy metal speciation in surface soil along the bypass during the 
pre-opening period revealed speciation was dominated by the Cretaceous Chalk and 
Limestone-derived soil. The data revealed this soil component was responsible for the 
retention of 27 % of Cu, 35 % of Zn, 43 % of Cd and, 54 % of Pb. Differences 
between the four sites also revealed the importance of soil organic material in the 
retention of copper. This data supports previous studies highlighting the importance of 
organic material for the retention of copper in surface soil [Norrstrom and Jacks, 
19981. 
An evaluation of changes in chemical form during the post-opening study 
period suggests the initial heavy metal destination phases were partly dependant upon 
the availability of adsorption sites within the soil horizon. This previously unpublished 
study provided new data upon the initial retention of deposited heavy metals in the soil 
profile reporting the important retention phases as; 
(i) FR3 (bound to iron and manganese oxides) for Mn; 
(H) FR3 (bound to iron and manganese oxides) and (residual) FR5 for Fe; 
(iii) FR2 (bound to carbonates) and FR4 (bound to organic material) for Cu; 
(iv) FR3 (bound to iron and manganese oxides) for Zn; 
(v) FRI (exchangeable), FR2 (bound to carbonates) and FR3 (bound to iron and 
nmganese oxides) for Cd, and 
(vi) FR2 (bound to carbonates) and FR3 (bound to iron and manganese oxides) for Pb. 
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Again the results revealed retention may partly depend upon the soil classification (i. e. 
major soil components available for metal retention). An increase in the residual 
fraction was also reported for iron (2350 to 3740 mg/kg); copper (2.23 to 3.56 
mg/kg); zinc (10.4 to 22.2 mgIkg) and lead (2.06 to 2.56 mg/kg) and may reveal 
partial deposition in a metallic form (refer to section 4.4.2). 
The heavy metal fractionation in surface soil along the A34 Newbury bypass 
sampled during the 7 month post-opcning period was not consistent with those 
reported along the existing A34 roadway. The surface soil along latter roadway is 
contaminated and thus the influence of natural chemical speciation. may be negligible. 
However, the surface soil data reported along the A34 Newbury bypass still retains a 
large proportion of metals in their natural chemical forms and thus the results may in 
fact rcflect a combination of both natural and anthropogenic input. 
Correlation of the total heavy metal content with that found in each retention 
phase of surface soil using Pearson correlation analysis revealed a number of 
interesting trends. The Peasron correlation coefficient (Rý) values calculated for each 
heavy metal were typically between 0.001 and 0.944. Statistical evaluation using a 
Student West and Pearson correlation coefficients [Farrant, 19971 revealed a number 
of statistically significant relationships (refer to Table 4.4.2.2). The importance of 
copper retention by organic material is highlighted by a statistically significant 
correlation (at the 95 % confidence interval) between copper-total and copper- 
organically bound values of 0.7972). Similarly, the significance of FRI for 
cadmium retention values of 0.9437) and FR3 for zinc retention (W values of 
0.9063) are also demonstrated by statistically significant correlations. 
5.3 Stormwater Balancing Pond Facilities 
The London Orbital M25 motorway: the study investigating a wet biofiltration, and a 
dry detention pond facility revealed each possessed differing components that enables 
the removal of heavy metals from stormwater. At Leatherhead, a biofiltration pond 
enables sedimentation of particulate material with further removal within a silt trap. At 
Oxted, a conventional oil interceptor, grit and silt traps in combination with a dry 
detention pond all aided in heavy metal removal. 
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Heavy metal levels in stormwater runoff within both pond catchment areas were higher 
than those quoted by Yousef et al. (1984), presumably from differences in average 
daily traflic densities. However, the levels were within the range published by Cole et 
al. (1984). Lower lead levels may reflect a reduction in the use of tetra-methyl and 
tetra-cthyl lead additives in fuel. The efficiency of the biofiltration pond at Leatherhead 
was reported to be slightly higher than the dry detention pond at Oxted. The data 
revealed the efficiency of a biofdtmtion system for the removal of heavy metals in 
stormwatcr and further supports previous studies by Taylor and Crowder (198 1). The 
study revealed a long residence time through the pond at Leatherhead was an 
important factor even in the absence of adequate maintenance. However, the lack of 
maintenance at Lcathcrhcad resulted in an approximate 5-fold enrichment of heavy 
metals within the receiving watercourse (see Figure 3.6.6). Cadmium accumulation in 
river sediment was reported to be especially high (0.2 mg/kg upstream and 18.3 mg/kg 
downstream of the pond outlet). 
The A34 Newbury bypass: an investigation into four facilities provided a unique 
opportunity to study the initial heavy metal removal efficiency within new biofiltration 
pond systems. The study reported heavy metal accumulation primarily within the silt 
trap and the front section of the reed bed area within each pond facility. Comparison of 
the heavy metal levels in each pond revealed a broad shallow pond design with a 'wen 
established' reed bed proved effective in the removal of heavy metals from stormwater. 
The presence of 'well established' reed beds in ponds K and H may act to increase the 
residence time of stormwater and thus increase sedimentation, filtration and 
bioaccumulation processes [Martin, 1988 ; Nix 19851. However, balancing pond 
treatmcnt facilities J and D possessed little pond biomass and consequently heavy metal 
accumulation within the receiving watercourses was detected. 
An assessment of new pond facilities also allowed an investigation into heavy 
metal accumulation within pond sediment. The study reported previously unpublished 
data and revealed pond accumulation followed a linear pattern over the study period 
(refer to Figure 3.5.3 (h)). Pond sediment enrichment (taking a ratio between pre-and- 
post opening heavy metal sediment levels) was found to decrease along the series; Cd 
> Sb > Ni > Co > Cu > Mn > Cr > Pb >V> Fe > Mo (refer to Table 3.5.3). This trend 
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difl'cred to that reported for accumulation within the roadside dust along the A34 
Newbury bypass during the same period and therefore may reflect differences in the 
transfer cfficicncy of heavy metals from road surface to the pond environment (see 
section 3.5.3). 
The heavy metal levels detected in stormwater along the bypass wcre lower 
than those reported along the London Orbital M25 motorway and may be a reflection 
of lower traffic density (-20,000 Newbury bypass compared to 125,000 M25). The 
levels were also substantially lower than those reported by Cole et al. (1984), Cowgill 
el al. (1984) and Danneckcr el al. (1990). The study reported pond efficiency within 
these new systems were similar to published studies on existing facilities [Scholes et 
aL, 19981. Unfiltcred stormwater samples collected during the initial stages of storm 
events revealed heavy metal levels decreased through each pond. The data reported an 
excellent removal cfficiency for both balancing pond facilities K and H (typically 95 
%). I lowever, the study also revealed a lower removal efficiency (typically 85 %) for 
both balancing pond facilities J and D as a result of less effective heavy metal removal 
within their poorly established reed beds. 
An assessment of the TSS (total suspended solids), TDS (total dissolved solids) 
and subsequent heavy metal profiles in both the dissolved and particulate phases 
through each pond facility revealed dissolved metal forms were less effectively 
removed than particulate forms. For example, the removal efficiency of the soluble lead 
within pond facility K was only 12 %. In contrast, the insoluble lead component of 
stormwater experienced a higher removal efficiency of 98 %. Dissolved/particulate 
concentration ratios (D/P ratios) were calculated at each pond inlet. The ratios for Pb, 
Cd, Cu and Zn were typically 0.07,0.55,0.53 and 0.28, respectively and were 
consistent with other studies investigating dissolved/particulate partitioning in 
stormwater (Mesuere and Fish, 1989 ; Munger et al., 1995 ; Yousef et aL, 19881. 
Consequently, the phase distribution at the pond inlet may partly account for the 
overall pond efficiency. 
I'lie use of identical analytical protocols (see Chapter 2) allowed a good 
comparison of the data reported for the balancing pond facilities studied along the 
London Orbital M25 motorway and the A34 Newbury bypass. A comparison of the 
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heavy metal removal efficiencies from these facilities revealed pond efficiency 
decreased down the series; Pond K> Leatherhead > Oxted > Pond J. The heavy metal 
removal cfficiency of pond J was typically 85 % over the six storm events studied and 
provides sufficient data for future concern even at this early stage. Accumulation of 
heavy metals within the river sediment adjacent to the outlet of pond J suggested 
remobilisation of previously deposited sediment within the pond environment into the 
river Lambourn. 
The research into facilities along both road systems suggested a 'well 
maintained' balancing pond treatment facility with a 'well established' reed bed and 
long residence time may be the most effective in terms of heavy metal removal from 
stormwatcr. The data revealed that unless maintenance and the re-establishment of 
reed beds within the balancing ponds facilities are addressed the potential for 
accumulation of heavy metals within sediment along the river Larnbourn may be 
considerable. 
5.4 Future Work 
This study has concentrated solely on the heavy metal environmental effects of a new 
road system. Future research may include investigations into; (i) organic contaminants 
(i. e. polyaromatic hydrocarbons and total petroleum hydrocarbons); (ii) cations and 
anions and (iii) chemical and biological oxygen demands. The study into the balancing 
pond facilities largely centred upon removal efficiencies within the initial stages of 
storm events. Automatic routine monitoring may provide information regarding the 
passage of these heavy metals through the pond facilities and ultimately allow a 
calculation of their event mean concentrations during a storm event. An investigation 
into chemical speciation within sediment throughout the balancing pond facilities may 
also provide information upon the possible heavy metal chemical forms released into 
the receiving watercourses and thus their potential toxicity, mobility and bioavailability. 
To conclude, this thesis has provided data regarding the short-term impact of a 
new road system on both aquatic and terrestrial environments. An investigation into 
existing balancing pond facilities along the London Orbital M25 motorway may 
provide an indication of long-term pond efficiency and subsequent impact within the 
382 
watercourses at Newbury. An evaluation of the existing A34 roadway firstly provided 
an indication of a contaminated system and secondly provided information upon heavy 
metal reduction in response to a lowered ADT. The information presented within this 
thesis provides a source of reference for future UK bypass road developments. 
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Statistical Appendix 
A number of statistical procedures and tests have been used as part of this thesis. 
These tests have been evaluated using computer software programs, such as, Jandel 
Scientific - Sigma Stat 2.0 with manual cross referencing. The purpose of the test or 
procedure arc detailed bclovr, 
Arithmetic Alcan (x. ): is the average of aH measurements [Snedecor and Cochran, 
19761. The mean is calculated by the sum of aU measurements (xi) divided by the 
numbcr of mcasurements (n). 
x. = Exi /n Eqn Al. 
Standard dcviation (s or sd): is a measure of the spread in a data set about the mean 
[Miller and Miller, 19921 and is calculated as follows; 
_ Xn)2 / sd = (Exi (n-1))4 Eqn A2. 
Relative standard deviation (rsd): is a measure of the relative error of a data set 
[Farrant, 19971. Rsd compares the standard deviation with the arithmetic mean and 
therefore a comparison can be made with results that have differing orders of 
magnitude [Snedecor and Cochran, 1976]. Rsd can be calculated as follows; 
rsd = (slx,. ) - 100 Eqn A3. 
Correlation cocfIricicnts (r): measure the strength of association between two data 
sets. The calculated values of r will Ue between -1 and +1. Highly correlated data sets 
have r values close to ±I and uncoffelated data sets are close to zero [Snedecor and 
Cochran, 19761. TIcre exists two types of correlation coefficients namely; (i) Pearson 
Product Moment Correlation and (ii) Spearman Rank Order Correlation. The Pearson 
Correlation is a parametric test that assumes a normal distribution about the regression 
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line (see below) with constant variance. In contrast, the Spearman correlation is a non- 
parametric test and does not require residuals (distance of data points from the 
regression be) to have constant variance [Snedecor and Cochran, 19761. The 
Pearson Product Moment Correlation used in this study can be calculated as follows; 
(n (7, &yi)) - (EY4) - (Eiyi) Eqn M. 
L2 2) 
-(Ex . 4)2 n yi yi 
Linear regression: uses the method of least squares to find the line of best fit between 
two data sets. The method of least squares seeks to minimise the sum of the residuals 
[Miller and Miller, 19921. In the case of instrumental calibration one of the variables 
is fLxcd (concentration) and one is variable (ion count). A straight fine is determined as 
follows; 
y =mx+c Eqn A5. 
where; m gradient of the line 
c intercept of the line on the y axis. 
m and c can bc calculatcd as follows [Farrant, 19971; 
M= (nE(&-yi)) - Eqn A6. 
X, 2) _ (yy ((nY, , )2) 
(Ey _E(X.. y, )) Eqn A7. 
4)2) X, 
2) (ZiX 
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F-Test: is used to compare the random errors in two data sets and is calculated from a 
ratio of two sample standard deviations as follows; 
Sa2 / Sb 
2 Eqn A8. 
where; S, 2 is the larger of the two standard deviations in order to ensure that I<F. 
F,.,, is compared to F,, it for a given number of degrees of freedom (n-1). A null 
hypothesis is adopted whereby there is no difference between the two sample standard 
deviations. If F,,, tc exceeds F,, i, the null hypothesis is rejected [Farrant, 19971. The F- 
test can be one tailed or two tailed. Both a one and two tailed F-test has been used in 
this study dependant on whether the precision between two independent data sets was 
required. 
Student West: is used to compare the mean of two samples. Three Student West can 
be used to compare (i) a sample mean with a stated value, (ii) the means of two 
independent variables and (ifi) the mean of two matched samples (paired t-test). All 
three have been used within this study and will be discussed. 
Comparison with a knoim value: has been used primarily to compare measured 
certified analyte levels. The jtjcýac value can be calculated as follows; 
(n' x (x - li»/s 
where; g is the stated value. 
Eqn A9. 
The null hypothesis is adopted whereby the two sets of data do not have means which 
differ significantly from zero. The ltlc.,,. value is compared with the ItIcit value at the 
required confidence interval (95 % and 99 % for this study) for the number of degrees 
of freedom. The null hypothesis is rejected if ItICalc exceeds ItIcri, [Farrant, 19971. 
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Comparison of two independent sets of data: has been used within this study to 
compare analyte levels of two data sets. The Itical, value can be calculated as follows; 
(XI - X2) Eqn AIO. 
(((I/ I+ I/ )0 (S12 
21 
n n2 (n, -+ S2 (n2 - n, + n2 - 2)))v' 
Paired Nest: is used to compare matched sets of data. Within this study the paired t- 
test has been used to evaluate the efficiency of two sample digestion procedures. The 
test compares the differences between the pairs of data. The jtjc., ý value can be 
calculated as follows; 
(Idl x ri) /s Eqn All. 
where; Idl = mean of the Merences between the pairs. 
A Student Mest evaluation can also be utilised to test the significance of a correlation 
coefficient. The significance of correlation coefficients between heavy metals in 
different retention phases of surface soil was evaluated as part of this study. The 
significance of a correlation coefficient can be calculated as follows; 
r ((n-2) / (I -r)) "" Eqn A12. 
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Appendix B 
Page39 Major - contaminant upper concentration ten times the maximum 
admissible concentration (MAC). 
Minor - contaminant concentration between the MAC and ten times the 
MAC. 
Page 71 Vehicular derived material enters the highway corridor through 
atmospheric deposition of small particles typically <5 pm in diameter. 
Small sample masses collected for analysis may produce a 
heterogeneous sample with a relatively low abundance of these particles 
and consequently lower heavy metal levels. 
Pages 289 Percentage removal recovery (%) ((Q - C, )/C. ) * 100 
& 290 
where; Ci - inlet concentration (gg/1) 
C. - inlet concentration (pg/1) 
Percentage recoveries shown in Tables 3.6.3 (a) and (b) represent an average of ten 
sampling visits. 
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